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CHAPTER I. POLARIZED LIGHT AS AN EXPERIMENTAL PARAMETER 

And God said: "Let there be light". And there was 
light. Genesis 1.3 

Historical Perspective 

Since the earliest recordings of history, man has been concerned 

with the interaction of light and matter. Reflection was probably the 

first of these interactions to be exploited as evidenced by the discov­

ery of polished copper mirrors in Egyptian ruins. The field of optics 

really began in the period from the thirteenth to the seventeenth cen­

tury. This period saw the beginning of corrected vision (eyeglasses) 

and the development of both the refracting telescope and the compound 

microscope. Galileo's discovery of the moons of Jupiter in 1610 with 

his hand-built telescope forever changed the way man thought about the 

earth and the stars. Early in the seventeenth century (1611) Willebrord 

Snell discovered and formulated the law of refraction. This work served 

as the beginning for the rapid optical developments of the eighteenth 

and nineteenth centuries, and this discovery is considered to be the 

beginning of modern applied optics (1). 

Spectroscopy, that is, the study of the interactions of matter and 

light which involve the measurement of both the intensity and frequency 

of  radiat ive energy had i ts  concept ion in the late seventeenth century.  

It was during this period that Sir Isaac Newton first characterized 

dispersion, the separation of white light into a range of independent 

colors using a triangular glass prism. William Wollaston, and later 

Joseph Fraunhofer (1800s), discovered that the solar spectrum was com­
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posed of narrow colored bands of light (spectral lines). Fraunhofer 

also was the first to use a grating for wavelength determinations. 

Gustav Kirchhoff and Robert Bunsen in the mid nineteenth century 

were able to attribute characteristic spectral lines to individual 

atomic species. This was a landmark discovery and it served as the 

beginning of analytical atomic spectroscopy. Today, atomic spectroscopy 

is one of the most used methods for both qualitative and quantitative 

analysis of atomic species. 

The understanding of the processes involved in the absorption and 

emission of radiation by atoms and molecules was greatly aided by the 

introduction and development of quantum mechanics in the early 1900s. 

The culmination of this theory was the work of'Niels David Bohr in 1913. 

Bohr, using the hydrogen atom as an example, was able to predict the 

wavelengths of its emission spectrum. For the first time, a solid theo­

retical basis existed for the experimental observations of Wollaston and 

others over a century before. 

Statement of the Problem 

Over the past one-hundred years, much work has been directed toward 

the determination, in both a qualitative and quantitative sense, of 

molecular species in the condensed phase at room temperature (usual 

conditions for routine analysis). However, this determination is com­

plicated by the fact that room temperature absorption spectra for con­

densed phase molecular species are broad and rather featureless. Usu­

ally in spectroscopic experiments, the wavelength and intensity of light 
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are varied, or recorded as the light interacts with matter. However, 

the broad nature of room temperature absorption profiles has necessi­

tated that a separation step be included in the analysis. By isolating 

the species of interest, one can eliminate spectral overlap for similar 

molecules. 

Since it usually is difficult to separate chemically similar mole­

cules, several methods have been devised to permit analysis of similar 

molecular species in the presence of one another. These methods usually 

require the use of low temperatures (2), or special sample matrices 

(3,4). It would be preferable if, instead of altering the properties of 

the molecule of interest, one could exploit a property of light to im­

part selectivity to the spectroscopic analysis. One experimental param­

eter often overlooked is the extent, or change in polarization of light 

as it interacts with matter. Therefore, this thesis will describe ex­

perimental techniques which exploit the polarization properties of light 

to solve detection problems in chemical analysis. 

First, the remainder of Chapter I will present a brief description 

of both the nature and preparation of polarized light, followed by a 

survey of several techniques which advantageously utilize polarized 

light as an experimental parameter. Chapters II through V will then 

describe several novel experiments which use polarized light to impart 

both selectivity and sensitivity to problems in spectroscopic analysis. 

Of particular concern will be the application of these methods to the 

detection problem in liquid chromatography where, for complicated sam­

ples, resolution of all of the components is rare or impossible. 
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Polarized Light 

Light can be considered to be a supposition of time-varying elec­

tric and magnetic fields which propagate together while maintaining a 

constant 90° phase difference with one another. These fields are vec­

tors (i.e., they have a direction associated with them) and their direc­

tions are usually perpendicular to each other and their direction of 

propagation (5). Because these two fields have a constant phase rela­

tionship, it is usually sufficient to describe the light wave using only 

one field. Most often the electric field is used because it interacts 

more strongly with matter than the magnetic field. Equation (1) de­

scribes the electric field strength, E(z,t) of a time varying electric 

field with amplitude, E^, at some position, z, and time, t. 

E(z,t) = E^ cos(kz - wt + *) (1) 

Here, k is known as the wavevector, to is the angular frequency and ^ is 

the relative phase of the disturbance. To describe the polarization 

properties of a light wave, therefore, one must consider how the elec­

tric field behaves as the wave propagates in space. 

When the electric field vibrates in one plane in space (even though 

its magnitude and sign vary with time), the wave is said to be plane or 

linearly polarized. We can represent two harmonic light waves of the 

same frequency traveling through the same region of space by their or­

thogonal electric fields (6), that is 
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E^(z,t) = 1 cos(kz - tot) (2) 

and 

Ey(z,t) = j cos(kz - wt + <|)) . (3) 

Here, ij) as before, represents the relative phase difference between the 

two waves which are traveling in the z direction. The resultant for 

these two waves is, therefore, 

E = - jEo,y)cos(kz - ojt) (4) 

where the sum represents the case when * is an integral multiple of ±2n, 

and the difference occurs for odd integer multiples of ±n. 

Equation (4) represents a plane polarized wave with a fixed maximum 

amplitude (iE ± jE ). It also should be noted that the reverse of 
0 5 X 0 >y 

this process is also possible. That is, any plane polarized light wave 

can be resolved into two orthogonal components (Eqs. (2) and (3)). This 

point will be necessary for the understanding of the operation of cal-

cite polarizing prisms, vida infra. 

If the two orthogonal waves represented by Eqs. (2) and (3) have 

equal amplitudes, E^, and if the relative phase difference between the 

two can be represented by ij) = -it/2 + 2mir where m = 0,±1,±2, etc. Then, 

the two waves can be described by 
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E^(z,t) = îE^ cos(kz - ut) (5) 

and 

Ey(z,t) = jEq sin(kz - ojt) ( 6 )  

The resultant wave is, therefore. 

E = EpCf cos(kz - u)t) + J sin(kz - wt)] (7) 

Equation (7) represents a circularly polarized wave possessing a con­

stant scalar amplitude (E^) with an electric field whose orientation 

varies with time. As one observes the wave coming toward the observa­

tion point of reference, the electric field would appear to rotate in a 

clockwise manner with a frequency w. Equation (7), therefore, is said 

to describe right circularly polarized light. For the case when (j) = it/2 

+ 2mn (m = 0,±1,±2, etc.), Eq. (8) results giving 

which represents left circularly polarized light. 

Just as a plane polarized light wave can be resolved into two or­

thogonal components, a plane polarized wave can also be thought of as 

being composed of equal amounts of left and right circularly polarized 

E = E^[f cos(kz - u)t) - J sin(kz - out)] (8) 
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light of equal amplitude. Specifically, if Eqs. (7) and (8) are alge­

braically combined, then one obtains 

E = 2E^i cos(kz - lilt) (9) 

which is the equation for a plane polarized light wave with a maximum 

amplitude vector of 2E^i (7). 

Actually, linearly and circularly polarized light are both special­

ized cases of elliptical polarization (7). For elliptically polarized 

light, the electric field vector will both rotate and change its magni­

tude as the wave propagates. The above statement is best illustrated by 

consideration of Eq. (10). 

E = E [f cos(kz - (ut)] + E • [j cos(kz - wt + ({.)] (10) 
U » A J 

For the case when the phase difference, j), is an integral multiple of ir, 

Eq. (10) reduces to a form representing a plane polarized wave with a 

fixed maximum amplitude, but the amplitude's sign and magnitude change 

with time. For the situation where E = E , that is, when the am-
O j X  O j j  

plitude is invariant with time and when the phase difference is a inte­

gral multiple of Tr/2, Eq. (10) will be reduced to a form which describes 

a circularly polarized wave. Finally, for those cases where the phase 

is an integral multiple of Tr/2 and the amplitude varies with time, Eq. 

(10) represents a state of elliptical polarization. That is, the elec-
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trie field vector will both rotate and change in magnitude as the wave 

propagates. Figure 1 summarizes these various polarization states. 

Production of Polarized Light 

This section will briefly review three optical elements useful for 

the production of polarized light, that is, the Brewsters angle pile-of-

plates polarizer, the Glan-Foucault polarizing prism and the Fresnel 

rhomb. Many other methods have been developed for the purpose of polar­

izing, or changing the state of polarization of light, and these methods 

have been discussed in great detail (8,9). However, only the above 

three are of consequence to the experiments to be described, vida infra. 

When light is incident upon a plane boundary separating two dif­

ferent optical media, a portion of the light is reflected, and part is 

transmitted through the interface. Snell was the first to state the 

relationship between the incident and refracted waves. 

» = n (11) 
Sin 4,  

Here, 9 is the angle the incident wave makes with a plane normal to the 

boundary, (j) is the angle of refraction and n is the ratio of the indices 

of refraction for the two media. 

For the special case when the angle of reflection and refraction 

are orthogonal, Eq. (11) reduces to 

9 = tan"^ n (12) 
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leads Ey by The light would be circularly polarized when <}) = ir/Z or 3n/2 if 
Eg X = Eg y. Reprinted from reference 1 
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This angle is known as the Brewster or polarizing angle. Using Eq. (12) 

and a value for n of 1.57 (common glass-air interface), one can calcu­

late that the Brewster's angle is 57 degrees. If unpolarized light 

(which can be resolved into two orthogonal components of equal ampli­

tude) is incident on a boundary at the Brewster angle, the reflected 

wave will be linearly polarized with the electric vector transverse to 

the plane of incidence. Since a portion of one polarization component 

has been removed by reflection, the transmitted wave will be partially 

polarized. However, because only about 15 percent of the one component 

is reflected, the process is not very efficient. If, instead of one 

interface, one has a series of interfaces at Brewster's angle, the de­

gree of polarization of the transmitted beam can be made to approach 

100%. This then is the basis for the pile-of-plates polarizer. 

A pile-of-plates polarizer is useful for polarizing the output of 

high power lasers which might damage other optical elements. For exam­

ple, a copper vapor laser produces 10 watts of unpolarized light in a 

beam of approximately one inch diameter. An economical polarizer capa­

ble of polarizing this large beam was constructed from a triangle of 

aluminum designed such that two sides were cut at Brewster's angle to a 

normal to the third side. A one inch aperture through the piece allowed 

the beam to pass unobstructed, while six glass slides (with two air-

glass interfaces per slide) attached to each of the two Brewster's angle 

sides produced a beam which was approximately 95 percent plane 

polarized. 
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A more efficient way to plane polarize light is to use a uniaxial-

birefringent crystal such as calcite (CaCOg). Crystals of this type 

have their atoms arranged so that light propagating in one particular 

direction will encounter an asymmetric structure. The optic or trans­

mission axis is, therefore, the only direction for which the atoms are 

arranged symmetrically. 

Uniaxial crystals, because of their unusual structure, possess two 

principal indices of refraction for the ordinary (parallel to the optic 

axis) and extraordinary (perpendicular to the optic axis) rays, respec­

tively. This property can be exploited to separate light into two plane 

polarized orthogonal components. 

The Glan-Foucault polarizer is constructed of two 90° triangular 

pieces of calcite which are in optical contact at their respective hy­

potenuses. An incident light ray will encounter the first calcite sur­

face normally and its electric field can be resolved into two orthogonal 

components, one of which is parallel to the optic axis while the other 

perpendicular. Since calcite possesses different refractive indices for 

the two orthogonal components, by judicious choice of the angle of the 

hypotenuse, one component will be totally internally reflected while the 

other component will pass into the second calcite piece undeviated. The 

difference in refractive indices for the two components is 

An = (n^ -  n^) (13) 
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which is a measure of the birefringence. For calcite. An is -0.172 

which is a very large difference (compare to quartz where An = 0.009). 

The net result of this is that Glan-Foucault polarizers can be con­

structed which can plane polarize light to a very high degree (1 part in 

1010), This high degree of polarization, that is, the ability to reject 

light of the improper polarization relative to the desired plane is the 

basis for the polarimetric experiments to be described in the following 

chapters. 

Both of the previous two methods dealt with ways to prepare plane 

polarized light. In some experiments, it is useful to convert plane 

polarized light into its circularly polarized analog. One way to accom­

plish this is to use a quarter wave plate specially constructed for this 

purpose (10). However, wave plates are designed such that they have 

their maximum efficiency at one particular wavelength. This can be a 

problem for experiments which involve scanning the light source over the 

spectral region of interest. 

During the process of internal reflection, the components parallel 

and perpendicular to the plane of incidence are shifted in phase rela­

tive to each other. To impart a phase shift of 45° in glass (n = 1.57), 

the light must strike the glass-air interface at 54.5°. It is easy to 

see that two such reflections will cause a total phase shift of 90° to 

occur. Referring to the previous section (Eq. (10)), a phase shift of 

Tr/2 corresponds to elliptical polarization. If the electric field vec­

tors are equal for the two orthogonal components, the requirements for 

circular polarization will exist. 
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The optical element which accomplishes the conversion of linear to 

circularly polarized light by the process of internal reflection is 

known as the Fresnel rhomb. Light enters normal to the face with the 

electric field vector linearly polarized 45° to the plane of incidence. 

This assures that and will initially be equal. Therefore, after 

two reflections in the rhomb, the two components will have undergone a 

90° phase retardation relative to each other, and since E^, is equal to 

E^ for the resultant wave, the conditions for circular polarization 

exist. The advantage to the Fresnel rhomb is that since the retardance 

is almost independent of wavelength over a large spectral range, the 

Fresnel rhomb can, therefore, function as an achromatic 90° retarder. 

Experimental Applications of Polarized Light . 

The most obvious use for polarized light involves the investigation 

of optically active systems via their birefringence. The fact that 

optically active molecules rotate the plane of polarization of plane 

polarized light has been known for over 170 years. This important topic 

will be discussed in detail in a following section. However, what is 

not as obvious is the fact that optically active molecules also possess 

different absorption coefficients for left and right circularly polar­

ized light (11). Circular dichroism (CD) is the term used to describe 

the measurement of this differential absorption of incident left and 

right circularly polarized light. The theory and necessary instrumenta­

tion have been extensively reviewed (11,12). 
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From an analytical perspective, most applications of CD involve the 

qualitative aspects of this technique. This is because circular dichro-

ism is a spectroscopic technique that is very sensitive to the primary, 

secondary and tertiary structures of biological systems (13). For this 

reason, CD has been used for the determination of the conformation of 

polypeptides (14-16) and A- and B-type DNA (17). Additionally, CD has 

been applied to the identification and quantitation of alkaloids in a 

variety of complex matrices, including nicotine in tobacco leaves (18), 

cocaine (19), heroin (20) and others (21-23). The advantage inherent to 

circular dichroism over simple absorption measurements lies in the se­

lectivity particular to the CD technique. 

This property was exploited in the application of CD detection to 

the effluent from a liquid chromatograph (24,25). The selectivity of CD 

minimizes the requirements of the liquid chromatograph to separate all 

of the many components present in a complicated sample matrix such as 

encountered in natural-product extracts or biological fluids (25). 

Further extension of this concept has resulted in the development of a 

functioning CD detector for gas chromatography (26). 

In two photon fluorescence, two photons with a combined energy 

equal to an excited atomic or molecular state are absorbed enabling the 

species to reach an excited fluorescing state. This process is already 

quite selective. However, different transition probabilities govern the 

process when the exciting and fluorescence photons have various combina­

tions of polarization (27,28). Thus, proper choice of polarization 

conditions will increase the selectivity of this technique further. 
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A different two-photon technique has been used to investigate so­

dium transitions in the vapor phase (29). When the 3s-5s two photon 

transition of sodium is probed with two circularly polarized photons, 

selection rules are such that the two absorbed photons must have oppo­

site senses of circular polarization. Therefore, if one of these two 

fields is plane polarized while the other is circularly polarized, the 

circularly polarized field will only affect one of the two circularly 

polarized components of the plane polarized field. The result is a 

simple rotation of the direction of polarization of the plane polarized 

field. 

Similar techniques have been developed to obtain high resolution 

spectra of atomic systems. In Doppler-free laser polarization spectros­

copy (30), a circularly polarized field resonant with a particular ab­

sorption induces changes in the absorption coefficients and refractive 

indices of the atoms it interacts with. A second counter-propagating 

plane polarized field probes these induced changes which results in the 

rotation of the probe beams direction of polarization. Since the two 

fields are counter-propagating, they interact with atoms that have es­

sentially zero axial velocity. This decreases the Doppler contribution 

to the line width. Recently, this technique has been applied to the 

determination of sodium and barium at trace level concentrations (31). 

This technique was able to suppress background contributions from flame 

luminescence and particle scattering. 

A technique similar to the above is polarization labeling spectros­

copy (32). Here, a light-induced anisotropy is used to label a molecu­
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lar ground-state level with the result that only those optical transi­

tions which share this common level are detected. This labeling tech­

nique can result in substantial simplification of molecular spectra. 

Other work in polarization spectroscopy has developed the theoreti­

cal groundwork for the investigation of relaxation processes (33). 

Experimental utilization of polarization spectroscopy for this purpose 

was performed on the picosecond time scale in the condensed phase (34). 

Additional work has centered on the improvement of the sensitivity of 

this technique using optical heterodyne detection (35), and in the ap­

plication of polarization spectroscopy as a probe of Raman optical ac­

tivity (36). Clearly, the sensitivity and selectivity of this technique 

has contributed to its many applications. 

Another technique which has benefited from the judicious choice of 

polarization conditions is light scattering. In light scattering, the 

depolarization ratio is dependent on the scattering particles' size and 

shape (37). This can add to the information available when applied as a 

detector for LC (38). Further, by proper choice of experimental condi­

tions, one cannot only obtain particle size information, but one can 

also derive information concerning the molecular conformation, weight 

and rotations of eluting molecules or distributions (39). 

Finally, there are several advantages to the use of polarized light 

in Raman measurements. It is known that Raman cross sections are usu­

ally different for same-sense versus opposite-sense circularly polarized 

light. This is the basis for the nonlinear Raman technique known as the 

Raman induced Kerr effect (RIKE), which will be discussed in Chapter V. 
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However, conventional Raman spectroscopy can also utilize polarized 

light to provide additional information, particularly with respect to 

the conformation of polymers (40). For example, Raman polarization 

measurements have been used to determine the degree of order of polymer 

systems (41), the effect of aqueous solutions on the polymer conforma­

tion (42), and to follow the effects of mechanical stress induced by 

drawing (43,44). 

In summary, the work surveyed here demonstrates the breadth of 

different experiments which benefit from polarized light. It is evident 

that the property of polarization can be an important experimental pa­

rameter in many spectroscopic techniques resulting in both improved 

selectivity and sensitivity. This point will be developed further in 

the next section where a discussion of polarimetric methods of analysis 

will be presented. 

The Nature and Detection of Optical Activity 

From a historical perspective, the first recognition of optical 

activity as a unique phenomenon was made by Dominique F. J. Arogo in 

1811. He discovered that the plane of vibration of a beam of plane 

polarized light underwent a rotation as it propagated along the optic 

axis of a piece of quartz (6). Jean Baptiste Biot made similar observa­

tions seven years later for both condensed and gaseous phase molecules 

such as turpentine and other natural substances (45). Biot also was the 

first to differentiate between right- and left-handed rotation. The 
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common designation now is to describe clockwise rotation as dextrarota-

tory (d), and counter-clockwise rotation as levorotatory (&). 

In 1822, Sir John F. W. Herschel recognized that the a and d rota­

tions caused by different pieces of quartz corresponded to two different 

crystalline structures. Louis Pasteur, in 1848, continued the under­

standing of the structural requirements necessary for optical activity 

when he was able to physically separate tartaric acid crystals into 

their l and d forms (46). Even with this discovery, almost thirty years 

passed before Jacobus van't Hoff and Joseph Le Bel, working independ­

ently, established that every organic compound known at that time pos­

sessing optical activity contained at least one asymmetric carbon atom 

(i.e., a carbon atom bonded to four different univalent groups) (47). 

Presently, this concept has been modified only slightly, and the neces­

sary condition for expressing optical activity is now known to be the 

nonsuperimpossibility of a species and its mirror image. 

Much work has involved a theoretical understanding of the nature of 

optical activity (48-53). Although many elegant theoretical explana­

tions have evolved from these studies, a more practical explanation was 

advanced by Fresnel in 1825. Fresnel stated, quite simply, that opti­

cally active materials possess different refractive indices for left and 

right circularly polarized light. As demonstrated earlier, plane polar­

ized light can be considered to be composed of equal amounts of opposite 

sense circularly polarized light. Upon passage through an optically 

active material, one circular component will be retarded in phase rela­

tive to the other. The result of this is that the emerging plane polar­
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ized wave will have had its electric field vector rotated. The term 

used to describe such materials which possess two indices of refraction 

is known as circular birefringence (54). Equation (14) presents the 

relationship between the amount of rotation (a) experienced by a plane 

polarized light wave upon passage through an optically active medium, 

and the difference in the two indices of refraction (&n = n^ - n^) 

where d is the thickness of the medium, is the vacuum wavelength of 

light probing the medium, and n^ and nj^ are the indices of refraction 

for left and right circularly polarized light,respectively. By conven­

tion, if n^^ > n^, the rotation is described as d-rotatory and, if n^ > 

n^^, ^-rotatory. 

Because optical activity is sensitive to the arrangement of atoms 

at and near the optically active center, much qualitative structural 

information can be elucidated from a determination of a molecule's rota­

tional properties. In addition, it is possible to use optical activity 

to obtain quantitative information using the relationship between the 

specific rotation of a substance, [a], and various experimental 

parameters 

a (14) 

a (15) 
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Here, a is the observed rotation in degrees, C is the concentration 

of rotating substance in grams per milliliter and z is the length of 

material traversed by the probe beam (conventionally designated in deci­

meters). The quantitative aspects of polarimetry will be addressed more 

fully in Chapter III. However, it should be pointed out that the spe­

cific rotation of a substance is a unique physical constant, as are a 

molecule's boiling point, refractive index, molecular weight, etc. As 

such, the specific rotation provides information useful not only for 

identification, but it also can be used to determine the enantiomeric 

purity of a substance. 

The instrumentation necessary to measure the amount of rotation 

induced by an optically active substance is schematically represented in 

Fig. 2. Since the amount of rotation, like refractive index, is depend­

ent upon wavelength, a source of plane polarized monochromatic light is 

needed. This can either be supplied by a metal vapor lamp and filter 

(for example, the sodium D line) typical of nonscanning instruments, or 

a monochromator can be used to select a wavelength of interest from a 

polychromatic lamp. The monochromatic light source is then rendered 

plane polarized by a polarizer before interacting with the sample. To 

determine the extent of rotation, another polarizer is placed after the 

sample with its transmission axis oriented so that the minimum amount of 

light reaches the photodetector in the absence of any rotation. When 

the plane of polarization is rotated, the electric field vector is no 

longer parallel to the point of minimum transmission defined by the 

second polarizer and some light will pass through it to the detector. 
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An excellent review of the experimental techniques and physical optics 

inherent to polarimetric measurements is available (55). Commercially, 

several manufacturers offer polarimetric equipment including 0. C. 

Rudolph and Sons, Bendix, Carl Zeiss, The Perkin-Elmer Corp., Japan 

Spectroscopic Co. (JASCO), and the Cary Instrument Co. However, even 

the best instruments available do not have the requisite sensitivity to 

detect, or measure optical rotations for substances present at trace-

level concentrations. For example, a Bendix-NPL automatic polarimeter 

equipped with a 110 uH flow cell produced a full scale deflection corre­

sponding to 0.01° at a signal to noise ratio of four (56). This shows 

that the detectability, in terms of degrees of rotation, is in the range 

of 5 X 10-3, This is insufficient for trace applications. Many at­

tempts to adapt commercial instrumentation to uses such as detectors for 

liquid chromatographic effluents have resulted in poor detection limits. 

This restricts the usefulness of polarimetric detectors (24,25,57-60). 

Clearly, a new design will be necessary to extend the scope of polari­

metric measurements. 

Relevant Laser Properties 

Since the first demonstration by T. H. Maiman in 1960 (61), the 

laser has revolutionized the field of optical spectroscopy. The laser 

possesses several unique characteristics which have made possible many 

elaborate analytical experiments including the development of liquid 

chromatographic detectors based on new detection principles. These 

properties have been discussed in detail for both conventional (62) and 
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microbore (63) chromatography. This section will review those proper­

ties of the laser which make it an ideal source for polarimetric 

measurements. 

Monochromati city/power 

One of the unique characteristics of the laser is its ability to 

deliver a large photon flux in a narrow spectral region. For discrete 

line lasers, as in for example an argon ion laser, the output can be 

extremely monochromatic. Tunable dye lasers lase over a relatively 

large spectral region (~80 nm), however, dye laser cavities have such 

high gain that various optical elements can be introduced into the laser 

cavity to produce single frequency operation while still maintaining 

relatively large output powers. 

Since optical activity is dependent on the wavelength of light used 

to probe it, the monochromatic nature of the laser is a direct benefit 

for polarimetric experiments. In addition, it has recently been re­

ported (64) that monochromatic light improves the accuracy of polari­

metric measurements because of the wavelength dependence of the specific 

rotation. 

Tunability 

The recording of optical activity versus wavelength generates opti­

cal rotatory dispersion (ORD) curves. These spectra are characteristic 

for different optically active materials. Since the curves are broad 

and rather featureless, the high monochromaticity possible with single-

frequency dye lasers is not useful. However, the tunability of the dye 
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laser adds another dimension to the analysis permitting ORD spectral 

analysis if desired. This is not possible with either discrete line 

lasers or atomic vapor lamps as sources. 

Spatial coherence 

The highly collimated nature of the laser beam is the most impor­

tant property contributing to the success of the experiments to be de­

scribed in the next section. It is the unique characteristic of the 

laser cavity that contributes to the well-defined cross-sectional inten­

sity distribution of most lasers. A laser cavity possesses standing 

waves which can be thought of as a series of transverse electric and 

magnetic (TEN) modes. The lowest order of these modes is known as 

TEMgQ, and it is the most efficient for focusing to a small area. In 

comparison, conventional spatially-incoherent light possessing many TEM 

modes cannot be focused without sacrificing power. 

If one looks at a cross-sectional slice of a TEM„„ laser beam, the 
00 

intensity distribution across the slice is Gaussian in appearance. That 

is, the most intense portion occurs at the center of the beam and the 

intensity distribution decreases from the center with a Gaussian depend­

ence (65). At the focal point, the beam cross section would still be 

Gaussian, but the width of the Gaussian curve would be much narrower.' 

As a consequence of the inherent low divergence of the laser, laser 

beams can be propagated over relatively large distances while still 

maintaining the spatially coherent nature of the beam. This has direct 

benefit to polarimetry where it is necessary to locate favorable regions 
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on the polarizer and analyzer even though they may be spaced more than 

one meter apart. Since these favorable regions are spatially small, the 

focusing properties of the laser beam are advantageous (66). In addi­

tion, highly focused laser beams permit the construction of micro-volume 

detection cells for liquid chromatographic applications. Finally, the 

highly collimated laser beam permits extensive spatial filtering result­

ing in substantial discrimination against stray or scattered light. 

Polarization 

Most lasers are either plane polarized by virtue of the stimulated 

process, or are made to be polarized by virtue of the optical components 

inside the laser cavity. Whereas a conventional light source will only 

have half of its available power in one polarization plane,.a laser 

polarized to 1 part in 1000 (typical for an argon ion laser) will have 

99.9% of its power in the desired plane. This will have direct benefit 

to detection schemes based on the polarization of light. 

Since extinction ratios of 1 part in IQio are possible with se­

lected polarizer/analyzer pairs, it is not immediately obvious as to the 

advantage of a laser beam polarized to the extent of only 1 part in 103. 

However, the standard mount for the calcite polarizing prisms used for 

these experiments eliminates the rejected beam (incorrect polarization) 

by a black coating surrounding the prism. Naturally, the more light 

which is rejected (i.e., of the incorrect polarization), the more light 

will be incident on and absorbed by this black coating. The result of 

this is that large amounts of rejected light can cause heating of the 
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prism, which may result in a degradation in the extinction ratio. 

Therefore, the more polarized the probe beam is to begin with, the bet­

ter the chance of maintaining the extinction ratio for a polarizer/ 

analyzer pair. 

Laser-Based Polarimeter 

In 1980, Yeung and co-workers demonstrated a novel laser-based 

polarimeter (67). This polarimeter was able to achieve a rotational 

detectability at least two orders of magnitude better than previous 

designs. This detectability is necessary to properly apply polarimetric 

detection to liquid chromatography. The laser-based polarimeter, with a 

200 )i£ flow cell was used to detect carbohydrates in urine (58), free 

and esterfied cholesterol in blood (69) and optically active components 

in shale oil extracts (70). 

At a signal to noise ratio of three, Yeung and co-workers could 

detect rotations as small as 5 x 10-5 degrees with a flow system. For a 

compound such as raffinose ([a] = 100°), this translates into a mass 

detectability of 250 ng, assuming a peak volume of 500 ]ii. The instru­

mental and experimental parameters upon which these results are based 

have been extensively reviewed (67,71). This section will summarize 

those factors which are common to the experiments described in Chapters 

II-V. 

The success of polarimetric experiments is usually dependent on the 

quality of the polarizers used to plane polarize light and determine its 

plane of orientation. To differentiate these functions, the polarizer 
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is considered to plane polarize the light source, while the analyzer 

serves to define the point of minimum transmission from which changes in 

the plane of polarization will be measured. The critical parameter for 

a given polarizer/analyzer pair is known as the extinction ratio, and it 

is defined as the amount of light transmitted of the incorrect polariza­

tion (along the extinction axis) versus the amount of light of the 

proper polarization incident on the analyzer. 

The highest quality polarizers available are of the Glan-Thompson 

design. These prisms are constructed of calcite and fastened together 

with a cement such as Canada balsam possessing a refractive index in 

between n^ and n^. These high quality prisms (Karl Lambrect Corp., 

Chicago, IL #MGT-25E8-45) are guaranteed to have an extinction ratio of 

at least 10-6. However, the limitation to better extinction was found 

to be due to crystalline defects in the calcite itself (66,72). There­

fore, localized regions can be found that have much better polarizing 

properties. By proper selection of the polarizer/analyzer pair, extinc­

tion ratios of approximately lO-io can routinely be found. 

The laser provides several key advantages which make this experi­

ment possible. First, the collimated nature of a laser beam means it 

can be tightly focused without sacrificing power. This simplifies the 

process of locating favorable regions even though the polarizer and 

analyzer may be some distance apart. Second, because the polarizer and 

analyzer can be separated without deterioration of the extinction ratio, 

stray light can be spatially filtered much more effectively. Third, the 

laser has high pointing stability. Therefore, once a favorable subre-
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gion is found, the beam will not wander from that location. Any change 

in position of the beam would most likely mean a change in the extinc­

tion properties at that new location. This would result in increased 

background light to the detector. 

Once an extinction ratio of lO'io has been obtained, it is impor­

tant to minimize mechanical vibrations which can alter the alignment of 

the analyzer with respect to the polarizer. This is accomplished by 

mounting each prism in a rigid translational stage (Aerotech Inc., 

Pittsburgh, PA, model #STS-30/R). Another cause of extinction degrada­

tion is birefringence introduced into the system. One source of bire­

fringence is the windows used on the detection cell which must be placed 

within the polarizer/analyzer cavity. Window birefringence is minimized 

by using very thin #1 glass coverslips as window material. By careful 

selection, windows can be found that maintain the extinction ratio. 

In any detection scheme, it is always preferable to make the meas­

urement in an AC versus DC mode (73). In order to use phase sensitive 

detection, the signal must be modulated in some manner. For polarimet-

ric experiments, one efficient way to accomplish this is to modulate the 

plane of polarization of the light in the polarizer/analyzer cavity. 

That is, the plane of polarization is periodically rotated away from the 

point of maximum extinction, and the analyzer converts this polarization 

modulation into intensity modulation. This periodically varying light 

intensity is then detected by a photodetector and demodulated by a lock-

in amplifier to give the resulting DC signal. 
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When plane polarized light passes through a light transmitting 

medium in a direction parallel to the lines of force of an applied mag­

netic field, the polarization plane of the light is rotated. This is 

known as the Faraday effect, which is named after its discoverer, 

Michael Faraday. The angle (in minutes of arc) through which the plane 

of polarization is rotated is given by (44) 

a = V . B . L (16) 

where V, the Verdet constant, is in units of minutes of arc gauss"! 

cm'i, B is the magnetic field strength (in gauss) and L is the length 

of the medium (in cm). V is dependent on the nature of the medium, the 

temperature and the wavelength of light. For a fixed length, the amount 

of rotation is determined strictly by the medium and the applied mag­

netic field. The field strength, in turn, is controlled by the current 

passing through the magnetic coil. 

Since extraneous birefringence must be kept to a minimum, the first 

Faraday rotators were based on air as the active medium. However, since 

the Verdet constant of air is small, relatively large currents were 

needed to effect a reasonable modulation (i.e., ~10-3 degree). A better 

design using a liquid-based Faraday cell followed which greatly reduced 

the constraints on the switching electronics. The key point is that the 

modulation must be stable to the same extent as the rotations one is 

measuring. This is not a problem with modern transistor technology. 
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For rotation away from minimum of an amount a, the Law of Malus 

states that 

'trans " 'o 

where is the light passing through the analyzer and I is the 
Lr3n s o 

maximum intensity transmitted when a = 90°. Since the light beam is 

modulated from an angle a to -a, if an optically active component is 

present which causes a rotation of 5, the lock-in signal will be propor­

tional to 

I = IgCsin^fa + 6) - sin^(a - 6)] ' . (18) 

For 5=0, the lock-in signal will be zero. For small a and 6, Eq. (18) 

can be reduced to (71) 

I = 4 l^aS (19) 

which shows the value of using as large a modulation as possible. 

Figure 2 schematically summarizes the different components of the 

polarimeter. The coil attached to the DC power supply serves as an 

internal standard. By knowing the current passing through the coil and 

the Verdet constant of the medium, one can calculate the amount of rota-
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SR Light source 
P Polarizer 
A Analyzer 
M Modulation solenoid 
C Cell 
DC DC solenoid and power supply 
REF Reference waveform 
PMT Photomultiplier tube 
LI Lock-in amplifier 
DISP Display 



www.manaraa.com

REF 
I ru 

m-Q 

DC 



www.manaraa.com

33 

tion induced by this coil. By applying a field to this DC coil, the 

system can periodically be calibrated against a known rotation. 

In summary, a functioning state-of-the-art polarimeter based on an 

argon ion laser has been described. It is also possible to obtain simi­

lar detectabilities using a less expensive helium-neon laser (74). 

Clearly, the system is not dependent on any laser for its success. 

Before the system could be improved further, it was necessary to 

model the polarimeter to determine which were the critical parameters 

contributing to the success of this instrument. A computer was used to 

calculate the signal to noise ratio of the system while such factors as 

extinction ratio, source flicker noise, source power, electrical noise, 

stability of modulation, depth of modulation and amount of stray light 

reaching the detector were varied (75). This modeling showed that the 

flicker noise of the laser was the dominant source of noise in the sys­

tem, and this was substantially minimized by the IQ-io extinction ratio. 

Therefore, unless the laser can be stabilized further (76), the favora­

ble extinction ratio must be maintained in order to achieve 10-6 degree 

detectability. 

The results of the computer study also helped in designing modifi­

cations which resulted in a functioning micropolarimeter with a 1 

flow cell (Chapters III and IV). For example, the modeling showed the 

importance of stray light on the S/N as the polarizer/analyzer cavity 

was shortened. Therefore, spatial filtering became very important to 

the success of these experiments. Further, the lO-io extinction ratio 
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will be shown to be of advantage in a polarization sensitive Raman tech­

nique, the Raman induced Kerr effect presented in Chapter V. 
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CHAPTER II. ANALYSIS OF EXTRACTS OF COALS AND COAL-DERIVED 
PRODUCTS BY LIQUID CHROMATOGRAPHY WITH OPTICAL ROTATION DETECTION 

Introduction 

The characterization of coal and coal-derived products is of great 

importance from both a scientific (geological information) and practical 

(monetary, environmental) perspective. Given has eloquently stated the 

practical benefits which would be realized by a thorough understanding 

of the geochemistry of coal (77,78), Briefly, proper utilization of 

coal requires that readily evaluated parameters be correlated with proc­

ess response, that is, with end product use (79,80). Therefore, the 

differences in flora, the environment of deposition, and the tempera­

ture, time and pressure of transformation all influence the chemical 

properties of the product coal. To properly apply a coal to a particu­

lar end use and to assure the optimum conditions for its efficient uti­

lization requires a knowledge of these characteristics. 

Chemical fossils (81) are those organic compounds present in the 

geosphere whose carbon skeleton suggests an unambiguous link with a 

known natural product. Chemical fossils, also known as biological 

markers, and their stereochemistry (82,83) are being used to gain geo-

chemical information on coal and other fossil fuels (84). Specially, 

several biomarkers have been identified in coal process liquids includ­

ing simple acyclic isoprenoids (85-88), the more stereochemical ly rich 

cyclic terpenoid hydrocarbons (89-91) and various polar, oxygen contain­

ing biomarkers (90). Currently, biomarkers are identified and quanti-

tated using the combined techniques of gas chromatography and mass spec-
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trometry (GC-MS). However, this technique can only observe the chiral-

ity indirectly by inferring this property from a structural 

determination. 

Optical activity in fossil materials is a consequence of the rem­

nants of molecules that were present in the source organisms. The coal-

ification process would be expected to destroy, or at least modify any 

chemically reactive chiral centers present in these molecules. However, 

certain chiral centers, particularly those involving only C-C and C-H 

bonds may be stable enough to survive the coalification process unmodi­

fied. Therefore, the study of the chiral material in coals and coal 

products should be useful in determining the biogenetic origin of coals 

and to assess the severity of the coal ifi cation" process. 

Bulk optical rotation measurements have been reported for various 

fossil fuels including lubricating oils (92), petroleum distillates 

(93), and shale oil (94). For coal-derived materials, Zahn and co­

workers found optical activity in many of the fractions of coal tars and 

synfuel liquids (95,96). This study was in addition to earlier reports 

of optically active materials in peat (97), lignite (98,99), European 

brown coal (92,93) and coal process liquids (100,101). A recent study 

(85) has confirmed these observations. 

Because of the complex nature of coal and other fossil materials 

(102,103), much work has been done to develop useful analytical proce­

dures for its proper characterization (104-111). Recent work has con­

centrated on the chromatographic aspect of the coal analysis problem 

(112-114). However, since it is doubtful that chromatographic sépara-
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tion efficiencies will ever reach the point where baseline resolution of 

all of the thousands of different components present in a coal sample 

will be achieved (115), there is a need to develop more selective detec­

tors to simplify the analysis. 

Since optical activity is usually an indication that the material 

under study has a biotic origin, and since most compounds are not opti­

cally active, an optical rotation detector would meet the requirements 

for selectivity outlined above. That is, an optical rotation detector 

will respond only, to chiral materials (achiral materials will be trans­

parent to the detector) and, therefore, the analysis of complicated 

samples will be simplified by application of this detection scheme. 

Another advantage to the application of optical rotation detection to 

the analysis of coal liquids is that biomarkers, whose crucial charac­

teristic is chirality would be observed directly. Figure 3 lists some 

of the steps necessary to isolate biomarkers in coal liquids. Direct 

observation would save substantial amounts of preparation time since the 

tedious separation and concentration procedures necessary to isolate 

biologically interesting molecules for achiral detection would be 

avoided. However, even with a selective optical rotation detection 

system, a coal liquid still contains too many compounds to analyze di­

rectly without separation. Additionally, since coal liquids contain 

both levorotatory and dextrorotatory components, partial cancellation of 

the rotation would be observed during any bulk measurement on the coal 

liquid. Bulk rotation measurements, therefore, only demonstrate the 

minimum amount of chiral material present. However, this cancellation 
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can be minimized if the coal liquid is first subjected to a chromato­

graphic separation step before analysis. Therefore, the combination of 

liquid chromatography with optical rotation detection (LC-ORD) is a 

useful system for the analysis of chiral materials in coal and coal-

derived liquids. 

This chapter will present the results of the application of LC-ORD 

to the analysis of several coal samples (116,117). First, the experi­

mental parameters necessary to obtain useful information will be dis­

cussed, and then the results of several investigations involving coal 

samples from widely differing geographical locations, as well as samples 

from similar regions will be presented. 

Experimental 

The first part of this study involved the analysis of four coals 

from different geographical areas. The purpose was to determine if the 

technique of LC-ORD could show differences in the chiral fingerprints of 

these coals. The second part involved a suite of Illinois No. 6 coals, 

including samples taken across one particular seam. It was hoped that 

this would demonstrate the sensitivity of the technique to subtle 

changes in formation conditions. 

Materials 

The coals for the first study were obtained from the Ames Labora­

tory Coal Library (Ames, Iowa), which contains at present nine coals 

representative of all ranks from subbituminous to Ivb.- Samples were 

rigorously protected from air from the time of collection, crushed under 
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COg, riffled and stored under nitrogen until used. The coals were Dietz 

No. 1 and No. 2, Decker Mine, Bighorn County, MT; Illinois No. 6, Cap­

tain Mine, Randolph County, IL; and Kittanning, PBS Mine, Somerset 

County, PA. The solvent-refined coal (SRC) used was a sample of Pamco 

(Fort Lewis, WA) SRC, provided by Dr. T. F. Yen of the University of 

Southern California. Details of the other properties of this SRC have 

been reported earlier (118). The elemental analysis of the samples is 

given in Table 1. 

Samples of the ground coal and synfuels were Soxhlet-extracted with 

benzene for 20 hours. The benzene was then removed by evaporation and 

the residue extracted with pentane. The pentane fraction was freeze-

dried to produce the starting materials. Weighed amounts of the result­

ing materials were dissolved in acetonitrile for injection into the 

liquid chromatograph. Three separate extractions were performed on each 

of the coals to minimize problems with heterogeneity. Only one extrac­

tion was performed on the synfuel sample because it was expected to be 

homogeneous. The efficiency of the extraction procedure for each sample 

is shown in Table 2. 

Coal tar was generated by heating a thin bed of coal rapidly (<30 

s) to 500°C between two 44 ym mesh electrically heated stainless steel 

screens under vacuum (33 Pa). Tar was collected on the water-cooled 

walls of the vessel, while volatiles not condensed on the walls were 

collected in a liquid nitrogen trap. Toluene extracts of Illinois No. 

6 coal at 290° and 420°C were obtained at 21 MPa using a hot tube 

reactor. 
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The suite of Illinois No. 6 coals were obtained from the Penn State 

Coal Bank (College of Earth and Mineral Sciences, Coal Research Section, 

University Park, PA). These samples were protected from air and stored 

under nitrogen as described previously. Table 3 lists the eight coal 

samples analyzed as well as a brief description of each. The Illinois 

No. 6 coal samples were Soxhlet-extracted with a benzene-methanol mix­

ture (75:25) for 24 hours and then the solvent was removed by evapora­

tion. The residue was then extracted with pentane. The freeze-dried 

pentane fraction was dissolved in acetonitrile using ultrasonic agita­

tion. Table 4 lists the amounts extracted for each of the eight 

Illinois No. 6 samples. As before, at least two replicate analyses of 

each sample were made to insure reproducibility. 

Chromatography 

Separations were performed on a 25 cm x 4.6 mm C^g reverse-phase 

HPLC column packed with 10 ym particles (Alltech Associates, Arlington 

Heights, IL). The mobile phase for the first study was 100% acetoni­

trile, while for the Illinois No. 6 coals, a mixture of acetonitrile and 

water (95:5) was used. All chemicals were reagent grade (Fisher Scien­

tific, Fair Lawn, NJ). The solvent delivery system was either a recip­

rocating piston pump (Micromeretics, Norcross, GA, model 750) or a con­

stant flow syringe pump (ISCO, Lincoln, NE, model 314). The pump was 

coupled to the system via a conventional injection valve with a 100 

injection loop (Rheodyne, Berkeley, CA, model 7010). A flow rate of 0.6 

ml min-i was used for all these studies. 
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Table 1. Elemental analysis of coal samples (wt %)a 

Illinois No. 6 Kittanning Dietz W. Kentucky 

C 80 92 75 80 

H 5.5 4.5 5.3 5.7 

K 2.4 2.5 1.7 1.8 

S 1.6 0.1 0.3 4.4 

Cl 0.0 0.1 0.1 - -

0 10.6 0.7 ' 17.8 8.0 

f(dry, mineral matter free) calculated according to Given, P. 
H. and rarzab, R. F. (Ref. 108, Vol. II, Chapter 20). 
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Table 2. Extraction efficiencies 

Extracted Yield 
(mg) (wt %) 

Illinois No, 6 coal 40 1.4 

Kittanning coal 60 2.9 

Dietz coal 2 0.1 

Pamco SRC 700 23 

Illinois No. 6 ,  290°C 17 3.3 

Illinois No. 6, 420°C 88 17.5 

Illinois No. 6 tar 30 7.5 

Illinois No. 6 volatile fraction 30 7.5 
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Table 3. Illinois No. 6 coals used in this study 

PSOC # Description 

1188 Perry Co., IL; whole channel sample 

1189 Perry Co., IL; upper 30 inches of PSOC-1188 

1190 Perry Co., IL; next 31 inches of PSOC-1188 to a 1 inch 
blue shale parting 

1191 Perry Co., IL; bottom 9 inches of PSOC-1188 between 
blue shale parting and floor of seam 

1098 Saline Co., IL; whole channel sample 

1323 Vermillion Co., IL; whole channel sample 

1317 Macoupin Co., IL; whole channel sample 

1318 Knox Co., IL; whole channel sample 
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Table 4. Extraction efficiencies for Illinois No. 6 coals 

PSOC # Wt. Pentane Extract^ (mg) 

1188 

1189 

1190 

1191 

1098 

1323 

1317 

1318 

44.8 

58.4 

49.2 

49.3 

76.3 

75.9 

55.7 

35.5 

^From 1.00 gram coal sample. 
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Detection 

The optical rotation detector used is described in detail in Chap­

ter I. A commercial refractive index (RI) detector (Waters Associates, 

Milford, MA, model R401) was connected in series after the optical rota­

tion detector. The outputs of both the ORD and RI detectors were con­

nected to two digital voltmeters (Keithley, Cleveland, OH, model 16ÛB), 

the analog outputs of each voltmeter were in turn interfaced to a com­

puter (Digital Equipment, Maynard, MA, model PDP 11/10 with LPS-11 labo­

ratory interface). The computer stores information every 1 s and allows 

normalization with respect to laser power and sample amounts injected. 

The laser power and overall instrumental response of the ORD system can 

be accounted for by recording the response to a known amount of optical 

rotation generated by a DC solenoid. 

Results and Discussion 

General considerations 

The purpose of this study was to compare chromatograms obtained 

using optical rotation detection for various coal-derived materials. 

With that in mind, a final extraction step using pentane was chosen for 

each sample so that similar fractions would be isolated from each of the 

materials. Pentane possesses two characteristics which made it the 

solvent of choice. First, pentane extraction is a standard technique 

for the isolation of highly saturated hydrocarbons. As mentioned previ­

ously in the introduction to this chapter, saturated hydrocarbons are 

the substances in which unmodified chiral centers would most likely be 
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found. Second, because pentane possesses a low boiling point (<30°C), 

removal of the pentane solvent prior to analysis is easily accomplished 

without the risk of losing the more volatile components of the coal-

derived material. 

Chromatographic considerations (choice of column, eluent, etc.) 

were based on previous studies of similar materials (70). The flow rate 

(0.6 ml min"M and eluent (acetonitrile) allowed most of the injected 

material to be eluted in a reasonable period of time, while still pro­

viding enough chromatographic efficiency to allow easily resolvable 

features for interpretation. Since the pentane extract of each sample 

was freeze-dried and redissolved in acetonitrile (the chromatographic 

eluent) prior to analysis, no large artificial peaks indicative of large 

refractive index changes are evident. These RI peaks, usually present 

when the sample solvent and chromatographic eluent are different, can 

obscure early eluting components. The conditions for these studies, 

therefore, preserved all the chromatographic information. 

In order to compare chromatograms from different coals and coal-

derived materials, it is necessary to be able to calibrate each chromat-

ogram with respect to the amount of material injected. However, since 

extraction efficiencies and solubilities can be expected to vary sub­

stantially from one material to the next, normalization based on pre­

pared concentrations would be difficult for several reasons. First, 

since only small amounts of materials are present in the final extract, 

weighing of these small quantities of material would be unreliable. 

Second, since many of the extracted compounds are sparingly soluble in 



www.manaraa.com

49 

acetonitrile, slight changes in storage conditions can cause these com­

ponents to precipitate from solution. Third, any volatile components 

present in the sample may be lost during a drying process. 

A better method is to normalize the data for each sample with re­

spect to the area of the refractive index chromatogram obtained simulta­

neously with the optical rotation information. Since the refractive 

20 
index of acetonitrile is quite low (n^ = 1.3442), most eluting com­

pounds would be expected to have refractive indices greater than aceto­

nitrile. The RI chromatogram, therefore, provides a good first approxi­

mation to the amount of material injected. A more accurate, but compli­

cated procedure has recently been developed (119,120) based on the 

refractive index detector. However, for these studies, the simpler 

approximation is sufficient. 

The optical rotation detector is susceptible to laser power fluctu­

ations. That is, the sensitivity of the detector changes with the laser 

power, as well as with changes in the switching and detection electron­

ics. However, overall system performance can be accounted for by cali­

brating the data against the known rotation induced by a standardizing 

DC solenoid. A check of system performance was made in this manner at 

the beginning and end of each chromatographic run. The data, therefore, 

are consistent for each study after being normalized for amount injected 

and detector sensitivity. 

Finally, since the chiral materials become quite diluted during the 

extraction and chromatographic procedure, it is useful to consider at 
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what concentration level materials will be detectable with this system. 

The optical rotation detector used in this work has a detectability of 

=1 X 10"5 degrees of rotation. If we assume a component has a specific 

rotation (Calp^) of 10 degrees in a 1 dm cell, then the 1 x 10-5° de­

tectabi lity implies that the concentration at the detector must be 1 x 

10-7 g ml-i, or greater. Assuming a peak volume of 500 pii and a chro­

matographic dilution factor of 20, the mass which must be injected of 

any particular chiral component is calculated to be 10 yg. Since a 100 

ii£ injection loop was used for these studies, a chiral component must be 

present at the 100 ^g ml'i concentration level (100 ppm) in the extract 

before injection to be detected. This, then, is the minimum detectable 

concentration useful with the optical rotation detector. 

Study I; Geographically variant samples 

The chromatograms for the three coal extracts and the solvent re­

fined coal (SRC) extract are shown in Fig. 4. The optical rotation (OR) 

and refractive index (RI) data were obtained simultaneously. To facili­

tate comparison of the OR chromatograms, the data have been normalized 

to the same RI integrated area. The truncation evident in several of 

the peaks is an artifact of both the plotting program used and the con­

stant vertical scales. Therefore, all data are within the digitization 

range of the data sampling system and the integrated areas are meaning­

ful. The first peak in the OR chromatogram for the PAMCO SRC corre­

sponds to a rotation of 3.8 x lO"*» degrees in a 10 cm cell, while the 

first feature in the respective RI chromatogram corresponds to a refrac-
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Figure 4. Chromatograms of coal extracts: l.h., optical rotation chro­
matograms; r.h., refractive indsx chromatograms. Eluent: 
100% acetonitrile; flow raLe: 0.6 ml min"! 

(A) Illinois No. 6, Randolph County, IL, Captain Mine 
(B) Kittanning, Somerset County, PA, PBS Mine 
(C) Dietz, Bighorn County, MT, Decker Mine 
(D) PAMCO SRC, Fort Lewis, WA 
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tive index change of 1.3 x 10-5 units. All chromatograms have been 

confirmed by multiple extractions of each sample, and multiple injec­

tions of the same extract. Therefore, the features shown are 

reproducible. 

From inspection of Fig. 4, several observations can be made con­

cerning the chromatograms. First, the optical rotation chromatograms 

are rich in structure showing the wide diversity of chiral materials 

present in the parent coal. Second, since complete chromatographic 

resolution of the components was not achieved in these studies, the 

chromatograms are, therefore, indicative of the minimum number of opti­

cally active species. Even so, the differences in the four OR chromato­

grams suggest that optical rotation is capable of providing chromato­

grams which should be useful for the fingerprinting of coals and coal-

derived materials. Third, comparison of the RI and OR chromatograms 

underscores the fact that even when the chromatographic resolution is 

poor, as evidenced by the RI chromatograms, the selective nature of 

optical rotation detection can provide useful information. Finally, it 

is evident from the Dietz coal chromatograms that the OR detector is 

more sensitive than the RI detector. Two features are visible in the OR 

chromatogram at approximately sixteen minutes, while the RI detector 

hardly shows a deflection from baseline. Clearly, the features repre­

sent at least two compounds which are fairly optically active but pres­

ent in the parent coal in only small amounts. 

The optical rotation chromatograms show features which are dextro­

rotatory as well as levorotatory. This points out the importance of 
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chromatography in conjunction with OR measurements as a means of reveal­

ing chiral features hidden by inadvertent mutual cancellation. Since 

the chromatography only provides the minimum amount of chiral material, 

some mutual cancellation may be still occurring for coeluting sub­

stances. Therefore, moderate increases in chromatographic resolution 

will most likely provide dramatic increases in the number and amount of 

chiral materials detectable. 

The integrated areas for the optical rotation chromatograms based 

on both the algebraic (with regard to sign) and absolute sum are pre­

sented in Table 5. The algebraic sum is an indication of the optical 

activity measurable for a bulk analysis, while the absolute sum is a 

better indication of the chiral content of the "materials. For the Dietz 

coal extract in Table 5, the algebraic.sum shows there to be little 

chiral material in the Dietz coal. In fact, the OR chromatogram shows 

this not to be true, and the absolute sum collaborates this fact. Spe­

cifically, the chiral content is larger by a factor of 12 (2.00 versus 

0.16) than would be assumed from a bulk measurement of a Dietz coal 

extract. The difference will become greater as the chromatographic 

resolution improves. 

There are distinct differences in the optical rotation chromato­

grams for the various coal extracts. Although it will be necessary to 

study the variations among extracts of the same coal from different 

mines and a suite of coals representing different seams to learn the 

significance of differences among extracts of these coals, the results 

here show qualitatively that the OR chromatograms are useful for coal 
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Table 5. Integrated optical activity of extracts 

Absolute Sum^ Algebraic Sum^ 

Illinois No. 6 coal 0.85 0.54 

Kittanning coal 0.51 0.18 

Dietz coal 2.00 -0.16 

Pamco SRC 0.65 -0.08 

Illinois No. 6, 290°C 0.81 -0.21 

Illinois No. 6, 420°C 0.73 -0.32 

Illinois No. 6 tar 0.72 -0.49 

Illinois No. 6 volatile fraction 0.37 0.21 

^Integrated areas of chromatograms using absolute values of 
measured optical rotation, in arbitrary units. 

^Integrated areas of chromatograms using signed values of measured 
optical rotation, in the same units as (a). 
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characterization. The integrated absolute OR given in Table 5 shows 

that the Dietz coal extract has the largest fractional content of chiral 

materials, followed by the extracts from the Illinois No. 6 coal and 

Kittanning coal. This is consistent with the fact that the H/C ratio is 

the highest for the Dietz coal and the lowest for the Kittanning coal. 

The presence of chirality is more probable in saturated molecules than 

in unsaturated ones. The trend is also consistent with the fact that 

the Dietz coal is the youngest of the three, while the Kittanning coal 

is the oldest. The longer a coal is subjected to transformative proc­

esses, the more the chiral materials in the coal would be expected to be 

modified or destroyed. 

Besides the obvious differences in the coals, there are similari­

ties among the extracts of the coals, especially the Illinois No. 5 and 

the Kittanning. Since geochemical studies have shown that certain po­

tentially chiral systems (e.g., steranes, hopanes and other isoprenoid 

skeletons) are ubiquitous in fossil fuels (84), it is not surprising to 

find related patterns of optical activity in these two Carboniferous 

coals. 

To determine how processing affects the optically active compo­

nents, the results of a study of extracts from the same Illinois No. 5 

coal are plotted in Fig. 5. Two of the chromatograms represent high 

temperature extractions (290 and 420°C, respectively); one represents a 

tar formed from the Illinois No. 6, while the last chromatogram was 

obtained from the volatile fraction collected in a dry ice/acetone cold 
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Figure 5. Chromatograms of various extracts of Illinois No. 6 coal: 
l.h., optical rotation chromatograms; r.h., refractive index 
chromatograms. Eluent: 100% acetonitrile; flow rate: 0.6 ml 
min-i 

(A) Toluene extract of Illinois No. 6 coal, 300 psi, 290°C 
(B) Same as (A), 420°c 
(C) Tar of Illinois No. 6 coal 
(D) Volatile fraction deposited in liquid nitrogen trap 

during tarring process 
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finger during the tarring process. The chromatographic conditions and 

the vertical scales are identical to those used in Fig. 4. 

The great differences between the room temperature extract of the 

Ill inois No. 6 coal and the samples from high-temperature extraction or 

pyrolysis is not surprising, for at least two reasons. First, a sub­

stantially greater fraction of the coal is represented by the high-

temperature extracts and tar, and second, it is likely that the increase 

in yield on raising the temperature is due in part to the rupture of 

some covalent bonds. When weak covalent bonds are cleaved thermally, 

the structures in coal may be expected to generate materials closely 

related to the trapped molecules extractable at room temperature. How­

ever, the relative proportions of different functional classes may be 

very different. With this in mind, further study is needed to address 

the chromatography used in this study. The chromatographic conditions 

were chosen to maximize the information in the room temperature ex­

tracts. It will be necessary to develop other chromatographic condi­

tions to better resolve the early eluting features to learn more about 

the similarities and differences of the high temperature extracts. 

An inspection of Table 5 also leads to the conclusion that some 

thermal chemistry - fragmentation or racemization - takes place for the 

high-temperature samples. The chiral content decreases in the order 

Illinois No. 6 coal >290°C extract >420°C extract > tar > volatiles, 

confirming the gradual degradation of the chiral information with the 

degree of processing. The Pamco SRC originated from a similar coal and 
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shows about the same degradation as the high-temperature benzene 

extracts. 

The fact that the algebraic sum of optical rotations changes sign 

for some extracts from the same source materials is not particularly 

significant, since it is well established that subtle changes in struc­

ture remote from the centers of dissymmetry can change the sign of rota­

tion at a given wavelength (121). In a simple example (122) related to 

fossil fuels, phytane produced from 3R, 7R, llR-l-phytanyl iodide by 

reduction has a specific rotation of +3.9°, while 1-phytene produced 

from the same starting materials by elimination has a specific rotation 

of -5.0°. 

To better determine the nature of some of the eluting compounds 

detected in this study with respect to their chromatographic properties, 

samples of pristane (CjgH^g) and phytane (C20H42) "cre injected into the 

liquid chromatograph. The observed retention times under identical 

chromatographic conditions as used in these studies were 79 and 99 min, 

respectively. This is well beyond the 25 min monitored in the chromato-

grams of Figs. 4 and 5. Therefore, it is clear that either the ex­

tracted molecules are hydrocarbons of much lower molecular weight than 

pristane and phytane, 0£ the molecules are polar compounds that elute 

R-CHgCHgl 

LiAlH. 
^ R-CHgCHg 

R 
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faster than would be predicted from their molecular weights. The later 

seems more likely, and the detected molecules are probably fairly large 

hydrocarbon-like molecules with polar moieties which have a pronounced 

effect on their chromatographic behavior. This last point of uncer­

tainty demonstrates the need for further investigation of not only the 

optimum chromatographic conditions, but it also shows the need to iso­

late and identify some of these optically active components. 

Study II: Illinois No. 6 samples 

From the results of the first study, it is clear that LC-ORD is 

capable of detecting differences in the distribution of chiral materials 

in coals from very different geographical areas. The purpose of this 

second study was to ascertain if differences can be detected in a series 

of coals representing the same general geographical region, but from 

different mines. Table 3 lists the coals which were studied along with 

their Penn State Coal Bank identification number (PSOC#) and a brief 

description. Note that five different counties of the Illinois coal 

field are represented including a series of samples from Perry county 

taken across the coal seam. 

A preparation study was undertaken to determine the best method for 

the extraction of chiral material from coal. Table 6 lists the results 

of twelve samples of PSOC #1188 coal and the extraction yields for the 

different methods. Clearly, a benzene/methanol extraction yields the 

most amount of material. However, what is somewhat surprising is the 

yield obtained for the 45 minute extraction using ultrasound. Two-
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Preparation study for Illinois No. 6 coal. Sample; PSOC-
1188; pentane soluble fraction 

Approximate wt. 
Extracted (mg) Nature of Procedure 

1.8 Quick prewash with pentane. 

63.9 24 hr 0H/MeOH extraction 

4.6 24 hr 0H/MeOH extraction of residue 
from #2 

28.7 45 min 0H/MeOH extraction with 
ultrasound followed by 500 ml pentane 
elution from silica column 

41.5 45 min 0H/MeOH extraction with 
ultrasound 

21.9 45 min 0H/MeOH extraction with 
ultrasound of residue from #5 

2.2 Next 300 ml pentane elution of #4 

11.0 72 hr 0H extraction 

59.4 72 hr 0H/MeOH extraction of residue 
from #1 

42.7 72 hr 0H/MeOH extraction of PSOC-1188 
dust 

5.5 168 hr pentane extraction 

17.7 72 hr tetrahydrofuran extraction 
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thirds of the material extractable in a twenty-four hour Soxhlet extrac­

tion was obtained in only 45 minutes using ultrasonic agitation. Analy­

sis of the extracted material showed the distribution and relative 

amounts of chiral materials to be almost Identical to the twenty-four 

hour sample. Therefore, future studies should utilize this method which 

will result in substantial savings in sample preparation time. 

Figure 6 presents the chromatograms for a series of samples taken 

across a coal seam. As in the previous study, all chromatograms have 

been normalized to the same integrated RI area and corrected for OR 

system sensitivity. Additionally, all previous statements about the 

chromatographic nature (i.e., fairly polar) of the eluting components 

applies to this study also. From inspection of Fig. 6, it is apparent 

that the OR chromatograms from the top and middle of the seam are almost 

identical. However, it is interesting to note that the OR chromatogram 

from the bottom 9 inches appears somewhat different than the other two. 

This part of the seam was separated from the rest by a layer of blue 

shale. Geologically, this shale parting signifies a drastic change in 

the local conditions in the area from the time the 9 inches was formed 

till deposition commenced again. Therefore, the OR chromatograms are 

consistent with this picture. 

For such similar samples as these, the differences in the OR chro­

matograms appear in the relative amounts of very similar components. 

This can be compared to the previous study where differences in the 

types of components eluting from the LC were easily seen. Even though 

more study is needed to evaluate the significance of these differences. 
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Figure 6. Chromatograms of Illinois No. 6 coal: l.h., optical rotation 
chromatograms; r.h., refractive index chromatograms. Eluent: 
95:5 acetonitrileiHgO; flow rate: 0.6 ml min'i 

(WHOLE) Whole channel sample 
(TOP) Top 30 inches 
(MID) Middle 31 inches to blue shale parting 
(BOTT) Bottom 9 inches from blue shale parting to seam 

floor 
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the results presented here were reproducible for these samples. It 

should also be pointed out that very little information is obtainable 

about these samples from the RI chromatograms. Therefore, selective OR 

detection is a better technique for chiral fingerprinting of similar 

coal samples. 

Figure 7 is a map of the state of Illinois showing the location of 

the mines from which the five samples were taken. Each mine is identi­

fied by the county in which it is located. Figures 8 and 9 present the 

RI and OR chromatograms, respectively, for these five samples. 

As before, the RI chromatograms in Fig. 8 are very similar and it 

would be very difficult to attempt to draw any conclusions based on this 

data alone. However, the OR chromatograms (Fig. 9) show several strik­

ing differences. First, OR chromatograms for coal samples from the 

three counties located in the southern-half of the state (Saline, Perry 

and Macoupin counties) show many similarities. For example, there is a 

large feature at approximately 10 minutes which is the start of a series 

of three features. The differences in the chromatograms appears to be 

in the amounts of the three components found in the different coals. 

Second, OR chromatograms for coal samples from the two northern-half 

counties appear quite different, not only when compared to each other, 

but also when compared to chromatograms from the southern three. The 

sample from Vermillion county is the best example of this with many more 

eluting components evident than for any of the other four coals. 

The combined technique of LC-ORD appears to be useful for the dif­

ferentiation of similar coal materials. For samples taken across a 
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Figure 7. Map of the State of Illinois 

(KNO) Knox County 
(VER) Vermillion County 
(MAC) Macoupin County 
(PER) Perry County 
(SAL) Saline County 
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Figure 8. Refractive index chromatograms of selected Illinois No. 6 
coals. Eluent: 95:5 acetonitrile'.HgO; flow rate: 0.6 ml 
min-i 

(SAL) Saline County 
(VER) Vermillion County 
(MAC) Macoupin County 
(KNO) Knox County 
(PER) Perry County 
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Figure 9. Optical rotation chromatograms of selected Illinois No. 6 
coals. Eluent: 95:5 acetonitrile:H,0; flow rate: 0.6 ml 
min'i 

(SAL) Saline County 
(VER) Vermillion County 
(MAC) Macoupin County 
(KNO) Knox County-
(PER) Perry County 
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seam, the main difference is in the relative quantity of the different 

optically active materials, rather than in the types of materials pres­

ent. This is substantiated by the fact that the same peaks are evident 

in the different chromatograms, but the peaks are present in different 

ratios. A clear example of this can be seen in comparing the layer 

protected by the shale to the results for the middle or top portion of 

the seam. 

The samples from the five different counties again produce OR chro­

matograms rich in structure. Differences not only in the ratios, but 

also in the distribution of components, were seen. This result was 

surprising considering the geographical proximity of the five mines, and 

it demonstrates the sensitivity of the ORD system to small changes in 

origin conditions for similar biogenetic materials. 

Conclusions 

In the present work, the first profiles of the optically active 

components in coal extracts and various coal-derived products have been 

obtained using optical rotation detection. The technique of LC-ORD is 

useful for the characterization of closely related materials of differ­

ent biological origins, and the information can be used to monitor the 

severity of processing of fossil fuels. 
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CHAPTER III. DIRECT AND INDIRECT POLARIMETRY FOR 
DETECTION IN MICROBORE LIQUID CHROMATOGRAPHY 

Introduction 

A recent development in the field of liquid chromatography (LC) has 

been the trend toward smaller columns (123,124). Microbore LC utilizes 

columns of 1 mm internal diameter or less, and column packing technology 

is such that 1 mm columns are commercially available. Microbore columns 

possess several advantages over conventional 4.6 mm LC columns. First, 

from an economic standpoint, microbore columns require less packing 

material and eluting solvent than conventional columns (125). That is, 

because microbore coluims typically require flow rates of approximately 

20 ij£/min, more exotic eluents can be used at about the same cost as 

conventional solvents with standard 4.6 mm columns. Second, 1 mm col­

umns can be connected together in series without loss of resolution 

(126,127). Recently, one million theoretical plates were generated by 

coupling twenty-two 1 m columns together (128). Although the retention 

times and pump pressures were excessive, this certainly points to the 

possibility of coupling several columns together to achieve the neces­

sary plate count for a difficult separation. Third, microbore columns 

can be packed more efficiently than larger diameter columns resulting in 

increased efficiencies. 

To maintain the high efficiency of the microbore column, detection 

cells must have volumes 5-10 times less than the peak volumes. This 

corresponds to cell volumes of 1 for a typical 1 mm i.d. column. 
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Laser-based LC detectors lend themselves well to miniaturization 

due to the highly colli mated nature of the laser beam. Recent work has 

demonstrated the utility of small volume, laser-based detectors using 

thermal lens calorimetry (129-131), fluorescence (132-134), and simulta­

neous monitoring of refractive index, absorption and fluorescence (135). 

Optical activity would be a useful parameter to monitor because it 

is usually an indication of biological activity, past or present. For 

this reason, optical rotation detection is very selective. Several 

recent attempts to couple conventional polarimetric instruments to the 

effluent from a liquid chromatograph has not met with much success (136-

139). Sensitivities are usually greater than 10"*^ degrees, and mass 

detectabilities were shown to be no better than the refractive index 

detector (136). 

A laser-based polarimeter utilizing intercavity quenching of the 

laser gain produced impressive results (140). However, the experimental 

details and results were sparse, it was not demonstrated on a flowing 

stream and the authors did not attempt to address the problem of detec­

tion cell window birefringence. Conceptually, a similar laser-based 

polarimeter was presented (141). The authors did a thorough theoretical 

study of different cavity configurations, however, they did not show any 

experimental results. Zapapsskii (142) used 250 mW of argon ion laser 

power and low drift bridge photodetectors to obtain an impressive 2 x 

10-7 degree rotational sensitivity. However, except for a description 

of the detectability of the system, the experimental details were 

sparse. As before, detection cell birefringence was not addressed. For 
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the three studies previously cited (140-142), the lack of experimental 

details is particularly significant since such additional sources of 

noise as laser intensity instabilities may be of special concern to 

intercavity techniques such as these. Therefore, it is doubtful that 

practical detectabilities will ever approach the theoretical limits 

described in these three references. 

A completely theoretical treatment of a polarimeter based on a ring 

gyro arrangement has recently been presented (143). This proposal sug­

gests that the presence of circularly polarized eigenmodes in a ring 

resonator may be exploited for enhanced optical rotation measurements. 

If a passively stabilized cavity is used, the difference in paths for 

the opposite circularly polarized modes manifests itself as a beat, or 

modulated difference frequency at the detector. Sample rotations result 

in a shift in this difference frequency. Current technology is capable 

of measuring frequency shifts with excellent sensitivity. For example, 

the authors suggest that rotations of the order of lO'io radians would 

result in a frequency shift of approximately 1000 Hz, which should be 

measurable. However, the authors acknowledge that small scale birefrin­

gence (e.g., window birefringence) will seriously degrade this theoreti­

cal detection limit. In addition, the multipass arrangement described 

here is not useful for samples possessing any absorption at the probe 

wavelength. 

A functioning laser-based optical rotation detection (ORD) system 

for liquid chromatography has previously been reported (67). This LC-

ORD scheme has been used to study several systems including carbohydrate 



www.manaraa.com

77 

levels in urine (68), and for the characterization of coal and shale 

oils (70,116). This system has not been interfaced to microbore LC due 

to the large (80 y£) volume of the detection cell. 

Small and Miller (144) have described an indirect photometric tech­

nique utilizing an absorbing eluent to detect nonabsorbing ions eluting 

from an ion-exchange column. A novel concept would be to consider a 

system in which an optically active eluent is used with an optical rota­

tion detector to detect optically inactive components eluting from a 

chromatographic column. This then converts the ORD scheme to a univer­

sal one to rival the standard refractive index (RI) detector. In the 

indirect photometric scheme, the absorption due to the eluent is elec­

tronically compensated for. In the indirect polarimetric technique, the 

rotation due to the eluent is compensated for by rotating the second 

polarizer (analyzer). This means that, while the absorption detector 

has a dynamic reserve of about 10%, if an eluent of [a] = 100° were 

used, and if a rotation of lO-s can be detected, the polarimetric system 

will have a dynamic reserve of 10?. Also, in the indirect photometric 

scheme, there is a limit as to how highly absorbing an eluent one can 

use. This is determined by the point at which the number of photons 

reaching the photodetector is such that stray light and amplifier bias 

current become significant and the detector becomes unstable. In the 

indirect polarimetric scheme, no similar limit exists. For an eluent 

with a large [a], the analyzer is simply rotated an amount equal to the 

eluent's rotation. Therefore, the point of maximum extinction for the 

polarizers has changed due to the optically active eluent, but the good­
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ness of the extinction has been maintained. That is, the same number of 

photons are reaching the photodetector regardless of whether the eluent 

is optically active or not, preserving the signal to noise ratio. 

Indirect detection schemes can be quite useful for many applica­

tions. When surveying an unknown sample, it is useful to first deter­

mine the number and amount of different components present. Since the 

ideal indirect detection scheme is universal in nature, that is, it 

provides the same instrumental response regardless of the species, a 

valid determination of each component can be made. Another use of indi­

rect detection is in size exclusion chromatography (SEC). In SEC, spe­

cies elute based on their respective exclusion from pores in the chro­

matographic stationary phase. That is, size is the determining factor. 

Therefore, since the useful information is when the species elutes 

(i.e., molecular weight information) rather than the identity of the 

species, indirect detection would have much applicability. Only with a 

universal detector can one be sure all of the components (which may have 

widely differing properties) will be detected. 

To qualify as an 'ideal' universal detection scheme, the property 

of the eluent being monitored should be unique. For example, if an 

absorbing eluent is used, there is a good possibility that some of the 

components in the sample will absorb at the detection wavelength. This 

would limit the usefulness of this detection scheme except in very spe­

cific cases. However, because most compounds are not optically active, 

a universal detection scheme based on this property would come very 

close to the ideal situation. 
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Recently, several schemes have been described (119,145,146) which 

allow quantitative information to be obtained for an analyte without 

standards, that is, without analyte identification. It is significant 

to note that a similar scheme can be proposed for LC with optical rota­

tion detection. In this scheme, one eluent would be optically active 

and the second eluent could be either the enantiomeric isomer of the 

first eluent or a racemic mixture of the two. 

Figure 10 illustrates this concept. In the top half of the figure, 

an unknown compound, x, has been introduced into a flowing stream with a 

detector monitoring some property of the solvent. Any signal observed 

at the detector represents a change in the magnitude of the property 

monitored by the detector. For example, if the detector is monitoring 

the refractive index (RI) of the flowing stream, any change in RI will 

register as a signal at the detector. Since no signal is seen for the 

injection of x into solvent 1, one can assume that both solvent 1 and 

compound x have identical magnitudes of the property being monitored by 

the detector. This is useful information. 

If X is now introduced into a second flowing stream with a much 

different magnitude of the detection property, a signal is assured for x 

in this second solvent. Usually, it is very rare to find the case rep­

resented by the top portion of Fig. 10 and some signal will be observed 

for x in each of the two solvents. However, if as specified previously, 

solvents 1 and 2 differ greatly in the magnitude of the detection prop­

erty, it is possible to use the signals obtained for x in the two sol­

vents to quantify x without the necessity to identify the species. 
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Figure 10. Illustration of the basis for the concept of quantitative 
analysis without identification 

TOP: Detector response, SI, to unknown species x in 
flowing stream 1. 

BOTTOM: Detector response, S 2 ,  in solvent stream 2, where 
the magnitude of the detection property of solvent 2 
is much different than solvent 1 
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The following section will show in more detail how the differing 

response of an analyte in two eluents can be used to obtain quantitative 

information. 

Theory 

The rotation a observed for a given substance is related to the 

specific rotation [a], such that 

a = [a]2c (20) 

and 

a = [oJapV (21) 

where z is the pathlength (dm), c is the concentration (g/mL), p is the 

density (g/mL), and V is the volume fraction of the material at the 

detector. Since volume is additive, assuming ideal solutions, one can 

obtain the detector response for a chromatographic peak containing an 

analyte x and the eluent E. We note that the volume fractions of the 

two are and (1 - V^), respectively. So 

a  =  +  ( 1  -  .  ( 2 2 )  

In practice, one observes a peak area as determined from the base line 

established by having pure eluent in the cell. This base line rotation 
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corresponds to = Ca^]jipg. The differential response is, thus. 

Aa = ~ (23)  

Equation (23) has the same form as Eq. (8) in reference 119 and, there­

fore, the optical rotation detector is useful for the quantitative 

method described in detail in reference 119. 

In this method, one obtains two chromatograms for the same sample 

eluted with, e.g., an optically active eluent and then its racemic 

counterpart. When an analyte is detected in a particular eluent, the 

signal observed, S^, is the integrated chromatographic peak area for the 

analyte. Two equations of the form of Eq. (23) can be obtained for the 

analyte detected in eluents 1 and 2, such that 

where Ca^.]p^. is redefined as with the subscripts x, 1, 2 denoting the 

unknown, and eluents 1 and 2, respectively. K is a proportionality 

constant, and is the volume fraction of the analyte injected. In 

contrast to reference 119, K is the same for both eluents as long as the 

flow rate, etc. is maintained. The reason is that the only difference 

between the two eluents is one of differing chirality. One can then 

calibrate the response of the detector by the injection of a single 

(24) 

¥ ' Cx'Fx - Fg) (25) 
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calibrating substance into each eluent. By calibrating the system re­

sponse, one does not need to determine K, or any physical properties of 

the unknown, or the two eluents order to calculate the 

concentration of an analyte injected onto the column. 

The calibrating substance provides two additional relationships 

S3K = C(F^ - Pp (26) 

S4K = CfF; - Fg) (27) 

where C is the injected volume fraction of the calibrating substance. 

Equations (24)-(27) can be solved to arrive at an expression for C 

s, - s, 

It should be noted that no information is needed to solve for 

except for the signal responses measured for the unknown and for the 

calibrating substance. 

For the situation where the chromatographic properties of the two 

eluents are different, the proportionality constant, K, in Eqs. (24) and 

(25) will be different for each eluent. In this situation, a second 

calibrating substance can be used to generate two more equations which 

can then be solved to eliminate the different K's. Another solution to 

this problem is to elute each eluent with the other, if possible. This 
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also generates two equations which can be used to eliminate the propor­

tionality constants. Both these methods are described in detail in 

reference 147. However, since by definition, enantiomers have identical 

physical properties, chromatographically each enantiomer will behave 

similarly and the simple equation listed above (Eq. (28)) will be appli­

cable for any achiral separation. This is the unique advantage inherent 

to indirect polarimetry over all other detection modes for use with this 

quantitation scheme. 

Similar to reference 119, one may solve for the specific rotation 

of the unknown. A simple expression can be derived if the specific 

rotations of the calibrating substance and one of the eluents are known. 

Using Eqs. (24) and (26) and eliminating K, one can derive 

Again, in order to maintain significance, and F^ should be very 

different. 

If the specific rotation of the eluent is not known, as in, for 

example, a binary or ternary solvent system, a second calibrating sub­

stance of known specific rotation can be used to determine the specific 

rotation for the unknown. This calibrating substance, 0, gives 

F 
X 

(29) 

S5K = -Fl) (30) 
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where is the volume fraction of calibrant D. It is not a necessary 

condition, but the algebra can be simplified if the calibrants are pre­

pared at equal concentrations, that is, Cg = = C. 

Continuing, Eqs. (24) and (26) can be combined, yielding 

Equations (25) and (30), along with Eq. (31), can now be manipulated to 

gi ve 

A determination of using Eq. (28), knowledge of and and appli­

cation of Eq. (32) will allow one to determine F^. As previously men­

tioned, Fg must be much different than F^ to maintain significance. 

In this chapter, an optical rotation detector suitable for micro-

bore liquid chromatography will be described. This system can be used 

to detect nonoptically active material in an indirect polarimetric mode. 

In addition, a method will be demonstrated using this detection system 

whereby quantitative information can be obtained without analyte 

identification. 

. (31) 

(32)  

C 
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Experimental 

The reagents used in this study were reagent grade materials and no 

further purification was necessary. The &-2-octanol (Aldrich Chemical 

Co., Inc., Milwaukee, WI) has an [a]i? = -9° (neat). (±)-2-Methyl-l-

butanol (Eastman Kodak Co., Rochester, NY) was used without purifica­

tion. The (-)-2-methyl-l-butanol (Eastman Kodak Co., Rochester, NY) has 

a listed purity of 83% minimum (by NMR) and was further purified by two 

treatments with decolorizing carbon followed by passage through a 2-in. 

silica column. Water was deionized in a conventional system. 

The mobile phase was a 50:50 mixture of acetonitrile with either 

the (±)-2-methyl-l-butanol or the (-) isomer. All eluents were degassed 

under vacuum using ultrasonic agitation to minimize degassing in the 

cell. The chromatographic system consists of a syringe pump (ISCO, 

Lincoln, NE, model 314), a 25 cm x 1.0 mm 5-jjm microsphere CIS chroma­

tography column (Alltech Associates, Inc., Deerfield, IL), and a 0.5-nL 

sample loop coupled to an internal loop injection valve (Rheodyne, 

Berkeley, CA, model 7410). The flow rate used in this study was 20 

ijL/min. 

The arrangement of an optical rotation detector for LC has been 

reported earlier (67,68). Several modifications necessary to adapt the 

system to microbore LC were made. A 33-cm lens was used to focus 20 ml«i 

of 488-nm radiation from an argon ion laser through the detector micro-

cell. The previously reported detection/modulation cell (68) was used 

in the static mode (CH^CN as the medium) and modulated at a frequency of 

1 kHz. Figure 11 is a schematic representation of the laser-based mi-
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Figure 11. Schematic of laser-based micropolarimeter 

LASER Argon ion laser 
L Lense; 33 cm 
P Polarizer 
DC DC solenoid and power supply 
CL Detection cell, 1 
MD Modulation solenoid 
A Analyzer 
AP Aperture 
F Line filter 
PMT Photomultiplier tube 
SG Signal generator 
LIA Lock-in amplifier 
CH Chart recorder 
IF Computer interface 
PDP/11 Computer 
PU Pump 
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crovolume polarimeter. The same care (67) needed to choose windows for 

the detection cell was applied to the modulation cell. It was found 

that with proper care, the modulation cell did not degrade the favorable 

extinction ratio. The microcell was constructed in-house (Fig. 12) and 

has a volume of 1 yL for a 1-cm path. Using an independent air-based 

Faraday rotator to provide a standard optical rotation, laser power 

drift and overall system performance can be monitored. Comparing the 

signal produced by this DC coil with the base line noise when CHgCN is 

flowing at 20 yL/min, we have determined that the detectability of the 

system is 1.5 x 10"^° (S/N = 3) for a time constant of 3 s. 

The output of the detector was connected to a digital voltmeter 

(Keithley, Cleveland, OH, model 160B), the analog output of which was in 

turn connected to a computer (Digital Equipment, Maynard, MA, model PDP 

11/10 with LPS-11 laboratory interface). The computer takes a reading 

every 0.05 s and averages a set of five before storing the information. 

An analyte peak may be defined by 150-200 of these averaged data values. 

The area is determined by summation of adjusted values above a chosen 

baseline for each peak. These areas are then normalized against the 

signal obtained from the DC coil for each chromatographic trial. 

Results and Discussion 

Microbore LC-ORD 

To evaluate the performance of the microbore LC optical rotation 

detection system, fructose was eluted from a C18 microbore column with 

deionized water. The limit of detection (LOD) for fructose was deter-
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Figure 12. MicroceH for ORD measurements in microbore LC: diameter, 2.54 cm; pathlength, 
1 cm 

(B) Bore, 0.034 cm 
(E) Entrance port, o.d. 0.16 cm, i.d. 0.013 cm 
(X) Exit port, o.d. 0.16 cm, i.d. 0.025 cm 
(C) LC column 
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mined to be 11 ng of injected material (S/N = 3). This can be compared 

to the conventional LC-ORD system which had a limit of detection for 

fructose of 100 ng (68). The improvement in the LOD despite the shorter 

path length is a result of increased sensitivity due to the high effi­

ciency of the microbore column. The microcell and microbore column are 

better matched for maximum performance than the conventional size 

column/cell combination of reference 68. It should be noted that a 

reverse-phase CIS column with water as the eluent is not the most effi­

cient system for the evaluation and separation of carbohydrates. Analy­

sis of the fructose peak width at half height showed this column to have 

approximately 13000 plates/m for this eluent. This is a factor of 7 

less than the manufacturer's specifications. Therefore, the limit of 

detection could be lowered by improving the column performance. 

To assure that the microcell was not causing any postcolumn broad­

ening, &-2-octanol was injected with CHgCN as the eluent. This system 

is better suited to the CIS column. Again, by use of the peak half-

width and the retention time, the microbore column was shown to possess 

approximately 100,000 plates/m for a solute with k' = 2.1. This agrees 

well with the manufacturer's specifications. This shows that the micro-

cell is of sufficiently small volume to maintain the efficiency of the 

1-mm column. 

To facilitate alignment of the microcell, the cell was mounted on a 

positioner which enabled the cell to be translated in the plane perpen­

dicular to the direction of propagation of the argon ion laser. Also, 

the cell was first flushed with methanol to wet the channel and windows. 
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and then the chosen eluent was pumped through. With degassed eluents, 

the system operated with only minor optical adjustments for a period of 

over 1 month. 

It is interesting to consider what is the smallest volume cell that 

can be built, because this will determine the size of the column this 

ORD system would be compatible with. The path could be made shorter to 

decrease the volume, but this would result in a decreased detection 

limit. It is better to consider the diameter of the argon ion laser 

beam ojq, after being focused by a 25-cm lens. Actually, 2ug is neces­

sary to pass most of the energy in the laser beam. A 25-cm focal length 

lens will give a beam diameter (2%^) of 0.12 mm. Therefore, it should 

be possible to construct a cell which would be compatible with a micro-

bore column of 200 um i.d. The cell inner diameter used here was lim­

ited by the smallest drill bit available to us. A 25-cm focal length 

lens would make possible a cavity (polarizer to polarizer) of 50 cm. 

There is then sufficient space for the DC coil and the modulation cell. 

Indirect polarimetry 

The concept of indirect polarimetry can best be visualized by in­

spection of Fig. 13. When a cuvette containing an optically active 

substance is placed in the cavity of a polarimeter operating at the 

point of maximum extinction, the sample induced rotation will cause 

light to pass through the analyzer. This situation is represented by 

the cuvette with the open circles and is analogous to a flowing stream 

of some optically active compound. The analyzer can now be rotated so 

that a new point of maximum extinction will be obtained. 
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Figure 13. Representation of indirect polaritnetry: open circles, optically active species; 
closed circles, nonoptically active species engaged in equal volume displacement 
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Now, if some of the optically active molecules in the cuvette are 

replaced by optically inactive molecules, the net rotation will no 

longer be the same and the plane of polarization of the light leaving 

the cuvette will no longer be parallel to the axis of minimum transmis­

sion defined by the analyzer. Therefore, light will pass the analyzer 

and reach the photodetector. This case is represented by the second 

cuvette where some optically active molecules have been replaced by 

optically inactive ones (filled circles). This, naturally, is analogous 

to the elution of an optically inactive compound in a flowing optically 

active stream and is the basis for the concept of indirect polarimetry. 

Figure 14A shows the first reported detection of optically inactive 

materials by indirect polarimetry. This scheme utilizes an optically 

active eluent, in this case (-)-2-methyl-l-biitanol in CHgCN. The use of 

exotic solvent systems is possible with microbore LC. For example, a 

conventional 4.6-mm column operated at 0.75 mL/min for 8 hours would use 

the equivalent of $1.30 of reagent grade CH^CN. In comparison, a micro-

bore column operated at 30 yL/min with an eluent composed of 50:50 

CHgCN:(-)-2-methyl-l-butanol would use $0.83 of eluent. The difference 

would be about five times greater for HPLC grade acetonitrile. 

The key to this indirect polarimetric scheme is the ability to null 

out the rotation due to the eluent without electronic suppression. This 

results in constant sensitivity in going from an optically inactive 

eluent to one possessing an optical rotation. Specifically, the detect-

ability was determined to be 1.5 x 1Q"5° (S/N = 3) in pure acetonitrile 

and 1.5 x 10"5° (S/N = 3) in 50:50 acetonitrile:(-)-2-methyl-l-butanol. 
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Figure 14. Chromatograms of mixture one in two eluents of differing 
optical activity. Flow rate: 26 min-i, Eluent A: 
(-)-2-methyl-l-butanol, B: (±)-2-methyl-1-butanol. Each 
eluent is a 50:50 mixture with CH^CN 

(1) injection peak 
(2) &-2-octanol 
(3) decane 
(4) tetradecane 
(5) hexadecane 
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In order for the detectability to remain the same, the base line noise 

must be constant in going from the optically inactive to the optically 

active eluent. Since optical activity is a number density effect, pump 

pulsations could cause severe noise problems. However, by using a sy­

ringe pump and microbore LC, we found that the base line noise did not 

increase with the optically active eluent. 

A 50:50 solution of acetonitrile and (-)-2-methyl-l-butanol has an 

[a] of -2.95°. The detection limit for dodecane in this eluent was 390 

ng (S/N = 3,3 s time constant). It should be possible to choose an 

eluent with an [a] of 100°. In this eluent, assuming that the base line 

noise does not increase, a detection limit of 12 ng of optically inac­

tive material (S/N = 3) could be realized. 

In evaluation of the detector system for quantitative analysis, it 

is not a necessary prerequisite that the detector response be linear 

with concentration. However, to determine quantitative information 

without bracketing standards as proposed in this paper, it is critical 

that the detector response be linear with concentration. To test the 

microcell-optical rotation detection system, varying quantities of do­

decane were injected into an eluent stream composed of a 50:50 mixture 

of CHgCN and (-)-2-methyl-l-butanol. The injected amounts spanned the 

concentration range covered in this study. The result is a straight 

line with a slope of 0.96 and a correlation coefficient of 0.9999 when 

the normalized area, S^., is plotted against the normalized 

concentration. 
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The detector response in this indirect polarimetric scheme is a 

result of the analyte displacing a corresponding amount (volume) of the 

eluent at the detector when the analyte elutes. The response is, thus, 

universal. This then is an alternative to the RI detector for LC appli­

cations. In fact, the potential to achieve a detectability of 12 ng in 

the small volumes achieved here makes indirect polarimetry much more 

attracti ve. 

Quantitation without analyte identification 

In this quantitation scheme, the sensitivity is dependent on the 

difference in optical rotation between the two eluents. This is because 

a large difference assures that the analyte will produce a signal in at 

least one eluent, and the differences or S_ - in Eq. (28) 

will be significant. It is useful to compare this to the absorption 

(147) and refractive index detectors (119). In absorption, as mentioned 

before, there is a limit as to how highly absorbing an eluent one can 

use. In a previous study (147), it was found that an eluent with an 

absorbance of 1.0 was the limit if one wants to maintain the sensitivity 

of the detector. For a detector that can measure an absorbance change 

of 2 X 10-4, the system will have a dynamic reserve of 5 x 103. in re­

fractive index detection (119), it is typical to use two eluents that 

differ in refractive index by 0.1 unit. If it is assumed that a typical 

RI detector can measure a change of 10"7 Rl units, this system would 

have a dynamic reserve of 106. in comparison, the optical rotation 

detection system has a dynamic reserve of 10?. Among all these detec­

tors, ORD should then provide the best detectability. 
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Another clear advantage to this optical rotation detection scheme 

is in the chromatography. For reverse-phase separations, no difference 

would be expected in the chromatograms obtained in either eluent. This 

is due to the fact that one eluent is the racemic analogue of the other. 

Therefore, one will not observe changes in elution order with the result 

that each peak can be accounted for without the need for a time-

consuming consistency test (148). 

The system was calibrated for detector response by multiple injec­

tions of dodecane in each eluent. It should be noted that for any par­

ticular eluent and set of chromatographic conditions (flow rate, temper­

ature, etc.), the calibrations need only be performed once. The results 

of the experiments are summarized in Table 7. and are the areas 

measured (three or more injections) by the computer for the two mixtures 

in each eluent. The elution times in each eluent are approximately the 

same, reflecting the similar chromatography in each eluent. The A/D 

interface used provides a value of 2048 for full-scale deflection, and 

the area of each peak for each chromatographic trial has been normalized 

against the signal from the DC coil, which produces an absolute rotation 

calibration. Also listed in the table are the true volume fractions and 

specific rotations. The value for the specific rotation of ji-2-octanol 

was given by the manufacturer. The errors associated with the calcu­

lated values are determined by standard procedures for propagation of 

errors. 

From inspection of Table 7, several key points can be made. First, 

Eq. (28) predicts the true volume fraction with good accuracy, i.e., 
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Table 7. Quantitation of sample components in two different mixtures^ 

Jl-2-octanol C10H22 G14H3O ^16^34 

M -74105 ± 
-36386 ± 

4818 
2314 

120017 + 4669 
59448 ± 3280 

119664 ± 4872 
59389 ± 2563 

127339 ± 3297 
62107 ± 3114 

-132644 ± 
-65818 ± 

2863 
2610 

4888 ±812 
1712 ± 486 

3171 ± 1566 
1870 ± 633 

2939 ± 1623 
1735 ± 610 

true Cy (x 10"^) 
(2) 

4.00 
2.00 

8.00 
4.00 

8.00 
4.00 

8.00 
4.00 

true [«x^sgo ) X  s y u  ( 2 )  
-9° 
-9° 

0 
0 

0 
0 

0 
0 

calcd Cx (x 10-2) 
(2) 

3.93 ± 
1.98 ± 

0.38 
0.24 

7.74 ± 0.34 
3.88 ± 0.23 

7.83 + 0.36 
3.87 ± 0.19 

8.36 ± 0.27 
4.06 ± 0.22 

calcd [a^llss^ (1) X 400 ^2) 
-8.0° 
-7.9° 

± 2.8 
> 3.0 

0.07 ± 0.2 
0.02 ± 0.3 

0.01 ± 0.2 
0.02 ± 0.2 

0.01 ± 0.1 
0.01 ± 0.2 

^Normalized area when ^^2^26 used as calibrant; eluent b = 91527 ± 696, eluent c = 2250 
± 556. 

'^Eluent (-)-2-methyl-l-butanol. 

^Eluent (±)-2-methyl-l-butanol. 

^Calculated using Eq. (29); C ]l2^26 calibrant. 
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with errors of approximately 4% or less. This is true for the optically 

inactive hydrocarbons as well as the &-2-octanol. The largest error was 

seen in the determination of which was 4.5% high for the more 

concentrated mixture. At this concentration, the analyte was present in 

quantities approaching the limit where the column starts to show de­

creased efficiency. The separation of from was such that 

the latter probably experienced a small contribution from the 

peak. This could explain the high result. In support of this argument, 

one finds that the calculated volume fraction for this compound was only 

1.5% high for the less concentrated mixture. 

The largest source of uncertainty in the calculation of C is in 

the determination of and S^. There are two ways to improve this. 

First, by use of more injections of each mixture, the precision in meas­

uring the areas will improve. Second, by choosing an eluent with a 

larger rotation, the difference in the areas determined in each eluent 

will be large (i.e., will be larger). This will reduce the 

uncertainty in the difference and result in a substantial reduction in 

the uncertainty in C^. 

If the [o] for the CH^CN:(-)-2-methyl-l-butanol mixture is assumed 

to be -2.95°, Eq. (29) can be used to calculate for all four ana­

lyses. The results are presented in Table 7 along with their respective 

uncertainties. The values for the hydrocarbons are again, within exper­

imental uncertainties, equal to zero. The specific rotation for z-2-

octanol was calculated to be -8°, which is different from the manufac­

turer's stated value of -9°. This may be due to several reasons. 
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First, it is difficult to assess the relationship between the specific 

rotation determined at 17°C and 590 nm and the value from this experi­

ment determined at 27°C and 488 nm. Second, to apply Eq. (29), the 

specific rotation of the eluent must be known. However, the {-)-2-

methyl-l-butanol, as obtained from the manufacturer, had a purity of 

between 83% and 100%. Therefore, one of the major sources of uncer­

tainty in the determination of here was the uncertainty in the value 

for F^. Since in LC, solvent mixtures are frequently used as eluents, 

Eq. (29) will be difficult to use if Fj^ has a large uncertainty associ­

ated with it. It would be better, if an accurate value for F^ is needed 

(e.g., drug analysis, vida infra) to measure Fj^ independently at the 

operating conditions. Third, error analysis shows that if F^ is larger, 

F^ can be determined with more certainty. 

Figure 14B shows a curious result: there are very small peaks 

visible for the hydrocarbons CIO, C14 and C16 in the racemic eluent, 

i.e., at 11 min, 14 min and 16 min. This is due to the change in RI 

which occurs as the sample elutes. The peak concentration is large 

enough, and the RI change great enough to cause a slight disturbance. 

It should be noted that no change in beam position or shape could be 

visually detected as the analyte passes through the cell. These areas, 

however, do not significantly affect the calculated values since 

is dominated by the areas in the optically active eluent. 

Figure 14 also shows that the chromatographic behavior, as ex­

pected, is the same for each eluent. This should always be the case for 

reverse-phase chromatography. However, it has been found (149) that 
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this may not be always true for normal-phase separations with optically 

active mobile phases. In reference 149, it was found that by modifying 

the mobile phase with a large chiral molecule, diastereomeric chelate-

like solvates are formed between the additive and enantiomeric pair in 

an equilibrium relationship, leading to their separation. In the quan­

titation scheme presented here, this would lead to different chromatog­

raphy when going from the optically active to the racemic eluent. How­

ever, if the eluent molecule is small, such as the ones used here, this 

behavior will not occur and both eluents will give similar retention 

20 
behavior. Two other examples of suitable eluents are &-2-butanol (Calp 

= 14°) and d-3-methylcyclohexanone (Calp^ = +143.7°). The use of either 

compound should not be cost prohibitive for microbore chromatography. 

Further, the d-3-methylcyclohexanone should show a large dynamic range 

even when diluted 50% with a suitable modifier such as cyclohexane. 

Finally, a useful application of this quantitation scheme would be 

in drug purity testing. In biological systems, usually only one enan­

tiomeric form of a compound will show activity. The scheme presented 

here will provide quantitative information on the major components of a 

drug mixture. Quantitative information can be also obtained on any 

contaminants without the need to identify them. And, if the specific 

rotation of the pure active component is known, a determination of F^ by 

this method will give the enantiomeric purity of the drug. 

Conclusions 

An optical rotation detection system has been constructed that is 

compatible with microbore liquid chromatography. This detection system 
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can be used to detect optically active, as well as optically inactive 

materials. In the indirect polarimetric mode, the uniqueness of optical 

activity assures that this scheme approaches the ideal universal detec­

tor. Finally, by proper choice of two eluents with differing optical 

rotations, and the application of a simple equation, quantitative infor­

mation can be obtained without the need for analyte identification. 
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CHAPTER IV. ABSORPTION DETECTION IN MICROCOLUMN LIQUID 
CHROMATOGRAPHY VIA INDIRECT POLARIMETRY 

Introduction 

Liquid chromatography (LC) using microcolumns has progressed such 

that new detection schemes are necessary to be compatible with elution 

volumes in the microliter to nanoliter range. The increased demands for 

high sensitivity due to the smaller injection volumes have made simple 

modifications of detectors suitable for standard LC columns unaccepta­

ble. On the other hand, those detection schemes that are inherently 

suitable for small elution volumes, or are cost-prohibitive because of 

the specialized mobile phase or stationary phase, have benefited from 

the development of microcolumns. Recent work in adapting electrochemi­

cal (150) and mass spectrometric (151) detection schemes to microcolumn 

LC have been reported. For optical detectors, the laser has received 

much interest as a light source. The pertinent properties of the laser 

which make it useful as a source in microcolumn LC have been described 

in detail (63). Recent work (53,152,153) with laser-excited fluores­

cence detection for microbore and open tubular LC demonstrates the util­

ity of the laser. Also, a laser-based optical rotation detection system 

for microbore chromatography (146) has been shown to be both very sensi­

tive and selective. 

The unique selectivity of the polarimetric detector for LC is due 

to the fact that optical activity is normally a characteristic of bio­

logical activity. As such, it is a rare property. As shown in Chapter 

III, it is also possible (146) to convert this very selective detector 
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to a universal detector as an alternative to the common refractive index 

detector for LC. In this scheme, an optically active eluent is used in 

conjunction with a laser-based micropolarimeter. The signal due to the 

eluent can be nulled out optically by rotating the analyzer an amount 

equivalent to the rotation of the eluent. Since the signal due to the 

eluent is optically, rather than electronically compensated for, the 

signal to noise ratio (S/N) of the system is preserved. As an optically 

inactive compound elutes, it replaces an equal amount of the eluent in 

the detector cell, and a decrease in optical rotation will be observed. 

A signal will be obtained as long as the analyte has a specific rotation 

different from that of the eluent. This then is the basis for indirect 

polarimetry (146). Its success naturally depends on the reduced solvent 

cost when interfaced to microcolumns. 

Absorption detection for LC remains one of the most used methods. 

Routine miniaturization of conventional absorption detectors sacrifices 

detectability because of the shorter pathlength and the reduced light 

throughput. The usual transmission mode of absorption detection is 

being supplanted by various calorimetric methods which probe the absorp­

tion indirectly (154,155). Principal among these has been thermal lens 

calorimetry (153,156-158). A critical consideration there is the laser 

beam profile, which must be reproducible in its cross-sectional inten­

sity distribution. Lasers in the UV region and high power lasers usu­

ally do not meet this criterion. A more general approach is to probe 

the bulk number density change in the optical region after heat is pro­

duced from the absorption process. 
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For example, the bulk density change can be monitored by detecting 

the change in the refractive index of the medium using a Fabry-Perot 

interferometer (155). The refractive index change can then be related 

to the amount of light absorbed by a simple expression. For a polari-

metric detection scheme, if an optically active eluent is used, the 

heating effect produces an expansion in the liquid. This results in 

fewer molecules in the detection region and a decrease in optical rota­

tion is detected. 

This concept can best be illustrated by inspection of Fig. 15. 

Cell A is filled with an optically active substance and the analyzer is 

rotated an amount equal to the solvent induced rotation. Therefore, as 

discussed in Chapter III, the extinction ratio of the polarimetric sys­

tem will be preserved. In cell B, some of the optically active solvent 

molecules have been replaced by optically inactive ones. The net rota­

tion is now different than for cell A, and the amount of difference is 

detected by the technique of indirect polarimetry. Cell C contains some 

substance that absorbs at the detection wavelength. The absorption 

induced expansion, as mentioned previously, results in less molecules in 

the detection cell. This decrease in rotation can be detected by the 

polarimetric system, and serves as the basis for the technique of ab­

sorption detection via indirect polarimetry. 

Theory 

To determine the relationship between the amount of light absorbed 

and the observed rotation, two assumptions are necessary. First, the 
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Figure 15. Representation of the concept of absorption detection via indirect polarimetry. 
Cell A contains an optically active species (open circles). Cell B illustrates the 
equal volume displacement of optically active molecules with optically inactive ones 
(closed circles). In Cell A, absorption induced expansion results in fewer mole­
cules in the detection volume 
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amount of light absorbed is equal to 2.303 AI, where A is the absorbance 

of the sample and I is the intensity of the source in joules. This is 

true only for small absorptions, but this covers most of the interesting 

cases in LC. Second, it is assumed that all the light absorbed eventu­

ally becomes heat. With these two conditions met, the temperature in­

crease, aT(K), in the interaction region of cross-sectional area a cm?, 

and unit length is 

where is the specific heat of the solvent in J g"^K"i and p is the 

density of the medium in g c m " 3 .  

The rotation a observed for a mixture is related to the individual 

specific rotations [a]^, such that (146) 

where z is the pathlength (dm) and V is the volume fraction of the 

material at the detector. For low solute concentrations (which is the 

more interesting case), one can assume that the absorption-induced rota­

tion is entirely due to the eluent, so that a = [a]&p. This can be 

expanded to give 

a (34) 

a (35) 
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where is the volume of the solution. Application of simple differ­

ential calculus to Eq. (35), and making use of the relation dV = dT • 

dV/dT produces Eq. (36) 

dVqn, 
da = [«]»/-dT( ) . (36) 

"sol 

The change in volume with temperature is equal to the coefficient 

of expansion, B, times the solution volume (159), or 

^ = B^SOL • (37) 

Substitution of Eq. (37) into (36), and noting that the case of small 

absorptions is being considered here, gives 

Ao = [oJ&pBAT . (38) 

Finally, substituting into Eq. (33), one obtains an explicit relation 

between the absorbance of the solution and the observed rotation 

AaaC 

^ " 2.303La]JlIB ' (^9) 

To assess the potential of measuring absorption via indirect polar-

imetry, Eq. (39) can be used to estimate the minimum detectable absorb-
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ance. The micropolarimeter of reference 146 has a detectability of 1 x 

10-5 degree (S/N = 3). Using typical values for the other parameters, a 

= 9 X lO"** cm2, Cp = 1.8 J g-iK-l, [a] = 192.0 degree cm3 g'l dm'i, z = 

0.1 dm, J = 8.0 X 10-2 J and B = 1.24 x 10-3 %-!, one finds that the 

minimum detectable absorbance is 3 x 10-6. This is superior to conven­

tional absorption detectors in LC. 

This chapter will report improvements in detectability for indirect 

polarimetry (146), and show how one can use this concept as either a 

universal or absorption detector for LC. 

Experimental 

All reagents and eluents were reagent grade and used without fur-

ther purification. (R)-(+)-Limonene (97%, [alp = +106°: c = 1, 

CHgOH), (+)-a-pinene (98%, Calp^ = 47.1°), and N-methyl-o-nitroaniline 

were obtained from the Aldrich Chemical Company. Limonene and pinene 

were used either undiluted, or diluted with 5% iso-octane (UV grade), as 

eluents. All eluents were degassed under vacuum using ultrasonic agita­

tion to minimize degassing in the cell. Dioctyl-, dibutyl-, diethyl-

and dimethyl-phthalate were obtained as part of a phthalate ester kit 

(Supelco, Inc., Bellefonte, PA #4-8762). 

Absorptivity data for N-methyl-o-nitroaniline were measured in a 

spectrophotometer (Shimadzu Corp., Kyoto, Japan, model UV-240). A 2.3 x 

10-2 mg/mL solution of N-methyl-o-nitroaniline in cyclohexene produced 

an absorbance of 0.157 at 458 nm, and 0.017 at 488 nm (1 cm path). This 
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corresponds to molar absorptivities (L/mol. cm) of 1040 and 112 at 458 

and 488 nm, respectively. 

The chromatographic system consists of a syringe pump (ISCO, 

Lincoln, NE, model 314), a 25 cm x 1.0 mm lO-^m silica chromatography 

column (Alltech Associates, Inc., Oeerfield, IL), and a 0.5 pL sample 

loop coupled to an internal loop injection valve (Rheodyne, Berkeley, 

CA, model 7410). Flow rates used in this study ranged from 20 to 30 

pL/min. 

A laser-based optical rotation detection (ORD) system suitable for 

use with microbore chromatography has previously been described 

(67,146). Briefly, this system utilizes an argon ion laser (Control 

Laser Corp., Orlando, FL, model 553A) focused through a 1 pL detection 

cell. For this study, the laser was operated at either 458 nm or 488 

nm, with powers ranging from 20 to 75 mW. To function with normal-phase 

eluents, the cell windows are attached using a different adhesive 

(Balkamp High Tack Adhesive, #765-1217, Permatex Co., Kansas City, KS). 

The adhesive has a very fast setting time which makes it difficult to 

work with. However, it could be diluted with small amounts of a solvent 

such as 2-butanone. This enabled careful adhesive placement without 

affecting the properties of the set glue. 

Results and Discussion 

Figure 16 shows the detection of a phthalate mixture separated on a 

10-pm silica column using an eluent composed of 95:5 limonene and iso-

octane. The first peak is an injection peak, while peaks 2-4 represent 
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Figure 16. Detection by indirect polarimetry. Eluent, 95:5 (R)-{+)-
limonene:isooctane; flow rate, 24 yL/min; column, 25 cm x 1 
mm i.d. lO-pm silica 

(1) injection peak 
(2) dioctyl phthalate 
(3) dibutyl phthalate 
(4) diethyl phthalate 
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dioctyl, dibutyl and diethyl phthalate, respectively. The injection 

peak is a result of the displacement of solvent molecules from the sur­

face of the silica as solute molecules are adsorbed. A small impurity 

peak is evident after peak number 4, signifying a contaminant in one of 

the phthalate esters. Figure 16 demonstrates the universal response for 

this detection scheme, as it is obvious that none of the phthalate es­

ters are optically active. Only in the unlikely case in which an elut-

ing solute has exactly the same specific rotation at the probe wave­

length as the eluent would the solute not give a response. This is 

actually even more uncommon than the case for refractive index (RI) 

detection when a solute and the eluent have the same RI. From Fig. 16, 

we find that the detector used in this mode has a limit of detection for 

dibutyl phthalate (k' = 1.2) of 12 ng (S/N = 3) of injected material. 

This is superior to RI detectors, especially considering the small cell 

volume. 

These results can be compared to those presented in Chapter III. 

The detectabi1ity is comparable to that obtained previously by polari-

metry for optically active materials (146), and is better than that 

obtained previously by indirect polarimetry for optically inactive mate­

rials (146) by a factor of 33. The improvement is due to the use of the 

highly optically-active eluent ([al^gg = 166 cm3/g dm measured). We 

have found the main sources of noise for these optically active eluents 

to be either acoustical or thermal in nature. Thermal fluctuations are 

a serious problem since optical activity is a number density effect. 

Heating or cooling of the laboratory causes baseline drifts very much 
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like those in RI detectors. The slower eluent flow rates and the 

smaller cross-sectional areas of the tubings in microcolumns actually 

allow better thermal equilibration compared to the larger columns. 

Thermal drifts were further minimized by enclosing the microbore column 

in a cloth sheath. Additional improvement would be expected if the 

entire chromatographic setup (injector, column, connecting tubing, etc.) 

could be contained in a thermostat-controlled enclosure. 

Figure 17 demonstrates the use of the indirect polarimetric scheme 

as an absorption detector. The three chromatograms represent data taken 

at three different laser powers, and have each been normalized against 

the standard rotation produced by a DC solenoid (67) to maintain con­

stant sensitivity. Peak #2 is the indirect poTarimetric signal result­

ing from the elution of dimethyl phthalate, and the peak height is ap­

proximately equal in the three chromatograms. Peak #1 is the signal for 

N-methyl-o-nitroaniline by the method of absorption via indirect polari-

metry. The peak height increases linearly with increasing laser power 

as predicted by Eq. (39). The result is a linear calibration plot cor­

responding to laser powers from 31 to 55 nW with a correlation coeffi­

cient of 0.994. Figure 17 shows that one can use the same experimental 

setup for universal detection and for absorption detection by simply 

changing the laser power. Peaks that do not change with laser power 

correspond to indirect polarimetry, and peaks that vary with laser power 

are due to absorption processes. 

N-methyl-o-nitroaniline has a small absorption at 488 nm (e = 112). 

Even so, the limit of detection (LCD) with 32 mW of 488 nm radiation is 
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Figure 17. Normal-phase separation of N-methyl-o-nitroaniline and dimethyl phthalate. Chro­
matographic conditions were identical to those in Figure 15, except that 100% 
limonene was used. \ = 488.0 nm 

(1) injection peak 
(2) absorption detection of 890 ng of N-methyl-o-nitroaniline 
(3) indirect polarimetric signal from 2 pg of dimethyl phthalate, A - 31 noW, B - 48 

rrW, C - 55 nW 
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7 ng (S/N = 3) of injected material. This is better than the LOD for 

the indirect polarimetric detector. To really take advantage of the 

absorption process, one must use higher laser powers or rely on larger 

absorptivities. To better match the absorption profile of N-methyl-o-

nitroaniline, the experiment was repeated at 458 nm. At this wave­

length, N-methyl-o-nit roaniline has a molar absorptivity of 1040. The 

mass detectability, as determined from Fig. 18 using 73 itW of power, was 

found to be 36 ng (S/N = 3) of injected material. This corresponds to 

an absorbance LOD of 1.8 x 10"® absorbance units (peak volume 28 yL, S/N 

=3). In Fig. 18, the baseline shift early in the chromatogram is an 

artifact due to the torque produced while switching the injection valve. 

This stabilizes after 9 min and does not affect the analyte peak. The 

improved LOD is also aided by a larger [a] for limonene at 458 nm (= 192 

cm3/g dm, measured) and a lower amount of solvent absorption at this 

wavelength. The observed detectability is in excellent agreement with 

that predicted in the theory section. a-Pinene was also investigated as 

an optically active eluent. The LOD for N-methyl-o-nitroaniline in this 

system was 17 ng of injected material (S/N = 3, 488 nm, 30 mW). This 

result is consistent with the limonene results, after correction for 

laser power and differences in eluent optical activity. 

At higher laser powers, misalignment of the beam due to thermal 

lensing (i.e., clipping in passage through the cell, etc.) would become 

more critical. It should be noted that thermal lensing does not affect 

our signal at moderate laser powers because the entire laser beam is 

sent to the phototube. Since this work is performed using a continuous 
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Figure 18. Absorption detection based on indirect polarimetry. \ = 
457.9 nm, laser power = 73 mW. Chromatographic conditions 
were identical to those in Figure 16 

(1) injection peak 
(2) 940 pg of N-methyl-o-nitroaniline 
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wave laser (1 s time constant), the appropriate volume to consider in 

Eq. (33) is the volume of the cell, even though the volume illuminated 

by the laser may be much smaller. In principle, it should be possible 

to reduce the cell volume to match the optical region. If one assumes 

that the beam waist of a focused laser beam is 0.10 mm for a laser power 

of 100 mW, it should be possible to detect absorptions of the order of 8 

X 10~8 cm"i. It may also be possible to introduce the same energy in a 

much shorter period of time using a second pulsed laser. The instanta­

neous signal should be larger than the thermally-equilibrated signal. 

Temporal dependence (160) can also be used to distinguish the absorption 

process from other optical rotation processes. 

It may be useful to compare this absorption detector with the ther­

mal lens absorption detector of reference 153. Both detectors have been 

shown to be compatible with microcolumn chromatography. Although a 

smaller volume was demonstrated in reference 153, one should be able to 

reduce our cell volume to 100 nL by shortening the path length to 1 mm. 

Then, our absorbance LOO will become 1.8 x 10"^ absorbance units, which 

is still slightly better than the 4.5 x 10-5 value (S/N = 3) reported in 

reference 153. Furt^ rmore, the laser power used here is only 1/10 of 

that in reference Ibj ?.. 1 this can potentially result in additional 

enhancements. The mass LOD is comparable to that in reference 153, but 

since the injection volume used in this work is 100 times larger, our 

concentration LOD is substantially better. As discussed previously 

(153,161), absorption methods cannot compete with fluorescence methods, 

but then most molecules do not fluoresce. 
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The strict dependence of the thermal lens experiment on the cross-

sectional intensity distribution of the absorbed laser beam can be a 

disadvantage in many situations. This is due to the fact that many 

lasers which lase in the ultraviolet region do not possess good spatial 

beam qualities. However, since most organic molecules absorb at wave­

lengths below the visible region, this can limit the usefulness of the 

technique. In comparison, absorption via indirect polarimetry is not 

dependent on the spatial characteristics of the absorbed laser beam. 

Therefore, its potential usefulness is greater than the thermal lens 

technique given the current state of laser technology. 

Conclusions 

The concept of indirect polarimetry has been shown to be a very 

sensitive detector for microbore chromatography. The uniqueness of 

optical activity assures the universal response of this detection scheme 

which is capable of detecting optically inactive materials at the 10 ng 

level. For an eluting solute that absorbs at the probe wavelength, 

picogram detection limits are possible. The combination of a micro-

volume detection cell with simultaneous polarimetric, indirect polari-

metric, and absorption detection make this system unique. 
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CHAPTER V. ANALYTICAL APPLICATIONS OF THE RAMAN 
INDUCED KERR EFFECT 

Introduction 

The Raman effect was experimentally verified in 1928 by C. V. Raman 

(162,163). Over the past thirty years, Raman spectroscopy has been an 

important tool in the field of biological analysis. The use of the 

laser as the excitation source in Raman spectroscopy, and improvements 

in photon detection have shortened the time needed for analysis from 

days to seconds, or fractions of a second (164). Raman spectroscopy has 

several unique advantages (165) which make it useful for the analysis of 

chemically interesting systems, specifically biomolecular species. 

These advantages include the ability to analyze aqueous samples, and the 

amount and type of structural information obtainable. Additionally, 

since the entire spectrum is obtained in the same instrument and cell, 

more information can be obtained in a shorter time frame than in, for 

example, infrared spectroscopy. Raman methods are also excellent for 

the analysis of low frequency modes where other methods present serious 

experimental difficulties. 

One disadvantage inherent to Raman spectroscopic techniques is the 

low efficiency of the Raman scattering process. Only about lO'S of the 

photons incident on the sample are inelastically scattered. If the 

properties of the species of interest permit, the resonance Raman en­

hancement can account for improvements of 10 - 1000 times the normal 

Raman scattering cross section. A good example of the usefulness of 

Raman spectroscopy in bioanalysis is in binding studies of DNA to sev­
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eral medically significant drugs to ascertain the mechanism of action. 

Raman and resonance Raman excitation profiles of DNA complexes of 

adriamycin (166) and actinomycin (167) have been reported. The Raman 

spectra of these complexes allowed these researchers to determine the 

vibrational structure of the lowest excited electronic state of the 

complex, and this information was useful in determining the interaction 

mechanism between the nucleic acid and these drugs. For dynamic proc­

esses, time-resolved Raman spectroscopy has been used to follow the 

photochemical cycle of bacteriorhodopsin (168). A recent review has an 

extensive listing of biological investigations made possible by the 

information available from a Raman spectral analysis (169). 

If a Raman spectrum is obtained for molecules adsorbed on or near 

the slightly roughened surface of certain metals, enhancements of as 

much as 10^ can be realized over normal Raman. This phenomenon, named 

surface enhanced Raman (SER) has proven very useful for investigations 

into the processes occurring at surfaces (170). However, only recently 

has the analytical capabilities of the technique been investigated 

(171), and present work is involved with extending the phenomenon to 

surfaces other than the few it has been observed with now (172). 

From the above survey, and from recent reviews (173), it is clear 

that the type of information available from the Raman technique is quite 

useful for answering a variety of chemical questions. However, a major 

disadvantage of Raman spectroscopy is the difficulty in analyzing fluo­

rescing samples because the fluorescence signal can completely overwhelm 

the Raman spectrum. A variety of experimental techniques have been 
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devised to minimize this problem including modulating the polarization 

of the laser (174), modulation of the laser frequency (175), and using 

gated detection to effect time discrimination of the luminescence back­

ground (176). Modulation of the source polarization takes advantage of 

the fact that some Raman transitions are strongly polarized, while fre­

quency modulation exploits the narrow spectral characteristics of Raman 

lines compared to the generally broad nature of fluorescence. Addi­

tionally, since Raman signals are coincident with the excitation, gated 

detection can help minimize the contribution from the longer lived 

fluorescence. 

Coherent Raman techniques were developed, in part to overcome the 

fluorescence limitation of spontaneous Raman spectroscopy. Fluorescence 

rejection can be accomplished either spatially (signals are either 

laser-like or encoded on a laser beam), or spectrally (the signal is 

obtained at a higher frequency). Of the many coherent techniques now 

discovered, coherent anti-stokes Raman spectroscopy (CARS) is the most 

used, especially for biological investigations (177,178). CARS is a 

wave-mixing technique and the resultant signal is superimposed on a 

broad, nonresonant background. This can lead to high limits of detec­

tion restricting the usefulness of CARS in many applications. 

In 1964, a new coherent Raman technique, spectroscopy by inverse 

Raman scattering (SIRS) was first observed by Jones and Stoicheff (179). 

Inverse Raman spectroscopy probes the changes in molecular energy states 

directly without mixing the signal with a nonresonant background. In 

inverse Raman, the depletion of a probe beam is induced by a more in­
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tense pump field such that the difference in frequency for the two 

fields corresponds to a. Raman active transition. Figure 19 depicts the 

transition scheme for both conventional Raman scattering and SIRS, and 

it is evident that only the mode of observation is different. In SIRS, 

a strong pump field at Wg induces a molecule to exist in the stimulated 

regime. To do so, the molecule must absorb a photon from the field at 

tO|^. Standard methods for absorption detection can then be used to ob­

tain the inverse Raman spectrum (180,181). 

The previously mentioned advantages of coherent Raman methods apply 

to inverse Raman spectroscopy. That is, fluorescence rejection is eas­

ily accomplished by proper experimental design since the signal can be 

encoded on a spatially coherent laser beam on the anti-stokes (high 

energy) side of the system. An additional advantage to SIRS is in the 

ability to measure the signal in a forward (0°) geometry. The Doppler 

broadening of a Raman line can be expressed as aojq = Cu, where C depends 

only on the molecular weight and temperature of the scattering species. 

For a forward geometric arrangement, a reduction in the Doppler broaden­

ing contribution to the line width by the factor (w^_ - wg)/ug should be 

possible over the 90° geometry of conventional Raman spectroscopy. 

A disadvantage to measuring Raman events by SIRS is that one must 

measure a small change (the absorption at W|_) on top of a relatively 

large background (the field at w^). One way to improve the inverse 

Raman technique is to use AC-coupled detection (182). In AC-coupled 

inverse Raman spectroscopy, the inverse Raman signal induced on a con­

tinuous wave laser beam by a pulsed laser field at is observed by a 
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Figure 19. Transition schemes for normal Raman scattering (RS) and inverse Raman scattering 
(SIRS): straight arrow, excitation; wavy arrow, spontaneous scattering; double 
arrow, stimulated scattering; hatched double arrow, absorption. |a> and |b> are 
real vibrational levels 
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fast photodiode. The output of the photodiode is fed to capacitively 

coupled amplifiers which amplify the short pulse Raman signal while 

rejecting the constant (DC) signal on which it is encoded. The detec­

tion limits are within a factor of 2.5 of spontaneous Raman spectroscopy 

which enabled the Raman spectra of various biological molecules, includ­

ing a proflavin-DNA complex (183) to be obtained. 

The Raman induced Kerr effect (RIKE) is an intensity-dependent 

birefringence which manifests itself as a change in rotation of a probe 

beam due to the presence of a pump field which is shifted in frequency 

an amount equal to a Raman active band (184). RIKES is analogous to 

inverse Raman spectroscopy and is capable of providing all the advan­

tages inherent to SIRS. In addition, since the measurement is made on a 

much smaller background than inverse Raman, the potential detectability 

should be much better. 

The Raman induced Kerr effect will occur as long as the pump and 

probe fields are not oriented orthogonally to each other. Figure 20 

describes the polarization conditions necessary to observe RIKES. The 

probe beam at is plane polarized 45° to a vertical reference plane, 

and is extinguished between two crossed polarizers. The pump field at 

Wg, for the sake of clarity, will be considered to be plane polarized in 

the horizontal plane. As mentioned previously, RIKES will be observed 

as long as the pump and probe fields are not orthogonal. However, the 

maximum effect will be seen when the pump and probe fields are 45° to 

each other, vida infra. One can decompose the probe field into two 

electric fields with vectors either in the plane of the pump field or 
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Figure 20. Polarization scheme for observing the RIKE with a plane po­
larized pump field. Top, plane polarized pump field. Top, 
probe polarized 45° to the pump field; middle, preferential 
absorption from probe component parallel to pump field; bot­
tom, rotated probe field 
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perpendicular to it. Since Raman transition probabilities are generally 

different for parallel (in the pump polarization plane) and perpendicu­

lar photons, the inverse Raman absorption will be of a different magni­

tude for each of these electric fields. After interaction with the pump 

field, the resultant electric field for the probe will be rotated in its 

direction of polarization. This rotation can be conveniently detected 

as an increase in the transmitted intensity of the probe field passing 

through the second polarizer. 

One problem with the RIKE experiment as just presented is the pres­

ence of a background signal from the optical or normal Kerr effect 

(185). The normal Kerr effect is also an intensity-dependent birefrin­

gence caused by the intense plane polarized pump field at one frequency 

which manifests itself as a rotation in the probe beam. As before, the 

two fields must not be orthogonal. However, the frequency difference 

between the two fields is immaterial, and the broad background due to 

the normal Kerr effect can make the RIKE measurement difficult. 

If, instead of a plane polarized pump field a circularly polarized 

field is used, there will be no normal Kerr effect (186). This is be­

cause the circularly polarized pump field will not, in contrast to a 

plane polarized field, induce an anisotropic environment for the probe 

field to interact with. The treatment for the RIKE signal resulting 

from a circularly polarized pump field is similar to the plane polarized 

case. The probe field at aj|^ can be thought of as being composed of 

equal amounts of left- and right circularly polarized light propagating 

in phase. Since Raman transitions generally exhibit different probabil­
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ities for same-sense versus opposite-sense circularly polarized photons 

(186), the magnitudes of the two circular fields comprising the probe 

beam will no longer be equal after interaction with the circularly po­

larized pump field. The resultant probe field will now have an ellipti­

cal component, and as before, this will be detected as increased trans­

mission through the second polarizer. 

The first experimental verification of the RIKE demonstrated the 

possible multiplex nature of this technique (184). In this work, a 

broad-band dye laser was used as the probe in conjunction with a spec­

trograph and photographic detection to simultaneously monitor a rela­

tively broad spectral region. In this manner, the Raman spectra of 

cyclohexane, and benzene in the region 992 to 3062 cm"i was recorded in 

four laser pulses. A recent review summarizes RIKE spectra obtained for 

a variety of materials including gas phase samples, organic and aqueous 

solutions, and crystalline solids such as diamond and calcite (187). 

Levenson and Song (188) investigated the RIKE lineshape resulting 

from an elliptically polarized pump field. The lineshape was found to 

be a function of the interference of the Raman contributions to the 

intensity-dependent birefringence. Analysis of the lineshape can then 

provide a way to obtain a measure of the ratio of the optical Kerr coef­

ficient to the Raman tensor element. In similar fashion, refinement of 

the technique has enabled these workers to determine accurate ratios of 

the electronic, orientational and Raman contributions to the third-order 

susceptibility (189). These parameters describe the nonlinear behavior 

of a system in the presence of a strong laser field. 
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Optical heterodyne detected-RIKE (OHD-RIKE) was devised to improve 

the signal to noise limits of the intensity detected RIKE experiment. 

In OHD-RIKE, the probe laser is continuous wave and the experimental 

parameters arranged so that a portion of the field passes through the 

analyzer at all times. This local oscillator field results from a 

slight ellipticity in the probe field. The heterodyne signal, resulting 

from the interaction of the probe and pump, can be extracted from back­

ground and noise signals by means of electronic filters or phase sensi­

tive detection (190). 

The first experimental example of OHD-RIKES used a pulsed pump 

field (191). The output from the AC amplifier was sent to a boxcar 

integrator- to average many laser pulses. This reduces noise due to shot 

to shot intensity fluctuations in the pump field. In reference 191, a 

detectability of 0.05% of sodium benzoate in water was realized at a S/N 

= 5. Improved experimental design (i.e., modulation of the pump laser 

at 25 kHz) resulted in the detection of 0.02% of benzene in CCl^ at a 

S/N = 5 (192). For gaseous samples (193), the detection of 3 Torr of 

is possible. One subtle advantage to OHD-RIKES is that the observed 

signal depends linearly on the Raman scattering cross section. This is 

in contrast to intensity detected RIKES where there is a squared rela­

tionship. Theoretically then, OHD-RIKES, when properly arranged should 

give better detection limits than either normal RIKES or CARS (190). 

However, the experimental results have not shown this yet. It has been 

pointed out (194) that the lower the background radiation due to system 

birefringence, the lower the heterodyne power needed to obtain the maxi­
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mum signal to noise ratio (providing the system is not shot or elec­

tronic noise limited). Therefore, optimum OHD-RIKE detection limits may 

be possible by application of some of the techniques discussed in Chap­

ters I-IV for reducing background birefringence. 

The preceding section has demonstrated the usefulness of the RIKE 

experiment as a way to obtain Raman information on a variety of differ­

ent samples. Another advantage, although at present unexplored, is the 

ease of obtaining quantitative information using the RIKE over conven­

tional Raman methods. Therefore, this chapter will present results from 

an investigation of the quantitative nature of RIKES. Particular atten­

tion will be given to those factors which affect the analytical useful­

ness of the RIKE signal, and a unique optical null will be discussed as 

a way to minimize the nonresonant background. 

Theory 

A thorough treatment of the theoretical aspects of the RIKE has 

been reported (186,195). This section will briefly review the pertinent 

details which relate experimental parameters to the observed signal. 

Since the RIKE is analogous to the inverse Raman absorption, it is 

appropriate to first consider the depletion in a probe beam, P^(0) due 

to the presence of the pump field at wg. 

Pl(x) = P|_(0)exp(-g£) (40) 

P[_(ji) is the intensity of the probe field after interaction with the 
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Stokes-shifted field, i is the interaction length, and g, the inverse 

Raman absorption coefficient, is given by 

In Eq. (41), Pg is the power density of the Stokes-shifted field (W 

cm"2), and are the probe and pump field frequencies, respectively 

(cm~M, N is the number density of scattering molecules (molecules 

cm"3), do/do is the absolute Raman scattering cross section per polari­

zation (cm2 sr"i), ng is the refractive index of the medium at the 

Stokes frequency. Lia is the width of the Raman transition, and all phys­

ical constants are in cgs units. 

For the situation with a plane polarized pump field, the probe 

field can be resolved into two orthogonal electric fields. After inter­

action with the pump field in the sample, the inverse Raman absorption 

will be different for each of these fields. Therefore, 

g = 10^PgW|_N(do/dn)/2hc^ngAwwg (41) 

PLI(jî) = PLi(0)exp(-g^ji) (42) 

and 

PL2U) = PL2(0)exp(-g2&) (43) 

where 
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gj = g/(i + p) 

92 = gp(i + p) (44) 

and p is the depolarization ratio for linearly polarized light for the 

specific Raman transition. Recombining Eqs, (42) and (43), considera­

tion of the crossed nature of the polarizers (i.e., * Pg = 0), and 

making use of the substitutions 

ot = g^ A/2 

0 = 92 &/2 (45) 

allows one-to derive an expression for the field passed by the second 

polarizer, P^. 

= Pj^(0)(e"° - e"^)^ sin^e cos^G (46) 

Here, 9 is the angle between the pump and probe polarization vectors, 

For low absorptions, Eq. (46) simplifies to 

P[ = PL(0)(gJl/4)^{(l - p)/(l + p)}^ sin^29 . (47) 

The second derivative of Eq. (47) shows that the maximum effect 

will occur when 0 = 45°. Additionally, the presence of the normal Kerr 
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effect background interferes with the resonant Raman susceptibility 

resulting in a dispersion-like lineshape (190). 

A similar treatment can be applied to the RIKE experiment when a 

circularly polarized pump field is used. In analogous fashion to Eqs. 

(42) and (43), the probe field can be resolved into two equal circularly 

polarized fields of identical frequency and phase, and the different 

attenuation of each after interaction with the pump field in the sample 

is 

(Ey')i = exp( - a] (48) 

(Ey')2 = E^exp(^-S) (49) 

a and g are given by Eq. (45). 

Squaring the vector sum of Eqs. (48) and (49), and simplification 

for the case of small absorptions gives 

P [  =  P L (0) ( g £/4)^{(l -  p )/(l + p ) } ^  . (50) 

As mentioned previously, the contribution from the normal Kerr effect is 

absent and the lineshape shows the predictable dependence on the Raman 

scattering cross section. 

From a quantitative perspective, several key points can be made 

from consideration of either Eq. (47) or (50). First, the observed 
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signal will show a linear dependence on the intensity of the probe 

field. Therefore, one can increase the RIKE signal as much as needed by 

increasing F^(0), until the point where heating effects in the polar­

izers degrade their performance. Second, the RIKE signal shows a 

squared dependence on interaction length. This underscores the quanti­

tative reliability of the inverse Raman and, therefore, RIKE experiments 

(186). Since the interaction regipn is defined by the intersection of 

two spatially coherent laser beams, the interaction length can be deter­

mined more reliably than in conventional Raman techniques. Third, be­

cause Eqs. (47) and (50) show a squared dependence on g, the RIKE signal 

will vary as the square of both the Stokes-field power density and num­

ber density .of scattering molecules. Although.it is true that a doub­

ling of Pg will result in a factor of four increase in the observed RIKE 

signal; fluctuations in the pump field will also cause similar increases 

in the signal fluctuations. Additionally, the quantitative attractive­

ness of. the, RIKE experiment is diminished somewhat by the fact that when 

the concentration is halved, the signal will fall off by a factor of 

four. A theoretical investigation of the effect of these parameters on 

the S/N of the intensity detected RIKE will be presented in the results 

and discussion section. 

The normal Kerr effect (NKE) can be a major source of background in 

the RIKE experiment. Since this effect is nonresonant, it appears as a 

broad and usually featureless signal. As such, it should be possible to 

electronically suppress this unwanted signal. However, as the magnitude 

of the background increases, the fluctuations in the background may 
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completely obliterate the desired RIKE signal. A better way to elimi­

nate the background would be to optically suppress it before it is ob­

served by the detection system. 

A way to accomplish this optical null is presented in Fig. 21. In 

this experiment, two detection cells would be used. In one would be 

placed the Raman active compound dissolved in the solvent which is the 

source of the normal Kerr effect background. The second cell would only 

contain solvent. The pump field would be split into two equal portions 

with orthogonal polarization vectors. The probe field would pass 

through both cells, while the split pump field would enter each cell 

coincident in time and polarized 45° to the probe and orthogonally to 

each other-

From inspection of Fig. 21, it is clear that any NKE induced rota­

tion, due to the interaction of pump field #1 and the horizontal compo­

nent of the probe in cell #1, would be exactly compensated for by a 

rotation in the opposite direction induced by the interaction of pump 

field #2 and the vertical component of the probe in cell #2. Since only 

one cell contains the Raman active compound of interest, no suppression 

of the RIKE signal would be observed. The same optical null can be 

envisioned where, instead of a plane polarized pump field, each portion 

of the pump field would be made circularly polarized. The interaction, 

for example, would then be between right circularly polarized light and 

the right circularly polarized component of the probe field in the first 

cell, and left circularly polarized light and the left component in cell 

#2. Even though the normal Kerr effect background would be suppressed 
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Figure 21. Polarization scheme for double beam optical null. Pump 
fields #1 and #2 are polarized orthogonally to each other and 
45° to the probe 
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without the double beam null for the circularly polarized case, this 

method can also serve to null out RIKE signals from the solvent which 

might interfere with the band(s) of interest. This unique optical null 

concept can, therefore, improve both the detectability of the RIKE ex­

periment by suppressing background signal, and the selectivity by sup­

pressing interfering Raman bands. 

Experimental 

The experimental arrangement used to investigate the Raman induced 

Kerr effect is detailed in Fig. 22. The complete experiment was assem­

bled on a rigid optical breadboard (Newport Research Corp., Fountain 

Valley, CA, model XZ-24). For the first studies, the pump laser was an 

in-house constructed, dual flashlamp, elliptical cavity Ruby laser with 

a 15 cm active medium. The laser was passively Q-switched using a 1:5 

dilution of a saturated benzene solution of vanadyl phthalocyacine. A 2 

cm cell filled with this bleachable dye produced a single output pulse 

of approximately 300 mJ. The probe laser for these early studies was a 

linear dye laser (Spectra-Physics, Mountain View, CA, model 375) pumped 

by an argon ion laser (Control Laser Corp., Orlando, FL, model 554A). 

Other studies utilized a YAG pumped dye laser as a source of the Stokes 

field (YAG Laser: model 481, dye laser: model TDL III, scan control­

ler: model ASC-2; Quantel International, Santa Clara, CA). The dye 

laser has a nominal linewidth of 0.1 cm'l. The frequency doubled output 

of the YAG laser at 532 nm was used to pump either Rhodamine 560, 590 or 

610, which spanned the wavelength range needed for these studies. Con-
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Figure 22. Experimental arrangement for the RIKE 
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currently with the YAG system, either a helium-neon laser (Mel les Griot, 

Irvine, CA, model 05-LHP-151), or an argon ion laser was used to probe 

the RIKE event. Power adjustment of the argon ion laser was effected by 

the placement of a low quality glan polarizing prism after the laser 

output aperture, but before the first steering mirror. Judicious place­

ment of a spatial filter (diameter = 2 mm) after the first steering 

mirror favorably improved the extinction ratio by eliminating a halo of 

scatter accompanying the 1.5 mm argon ion laser beam. 

The probe field was polarized and extinguished by the same pair of 

Karl Lambrecht, high quality calcite polarizing prisms described in 

earlier chapters. The analyzer was mounted in a rotational stage with 

10"3 degree resolution (Aerotech Inc., Pittsburgh, PA, model ATS-301R), 

while the polarizer was placed in an in-house constructed mount of suf­

ficient bulk to minimize vibrational disturbances. The polarizer was 

oriented so that the transmitted laser beam was plane polarized 45° to 

the optical table. By limiting the pump field to either vertical or 

horizontal polarization, the pump field maintained the necessary 45° 

relationship to the probe field at all times. Light passing through the 

analyzer was detected by a high gain photomultiplier tube (Products for 

Research, Inc., Danvers, MA, models 55TVP/252 or 55AVP/5532) operated at 

1000 to 1700 volts by a regulated power supply (Keithley Instruments, 

Inc., Cleveland, OH, model 242). Scatter and stray light were minimized 

by placing a narrow band-pass laser line filter (Melles Griot, Irvine, 

CA, model 03-FIL-002) at the entrance to the PMT housing. 
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For the double beam experiment, a half-wave plate (Melles Griot, 

Irvine, CA, model 02-WRQ-023) and a double escape polarizing prism (Karl 

Lambrecht, Chicago, IL, model AGLA-CN-10) served as a variable ratio 

beamsplitter. Circularly polarized light was produced by either a 

quarter-wave plate (Melles Griot, Irvine, CA, model 02-WRQ-003) or a 

Fresnel rhomb prism (Karl Lambrecht, Chicago, IL, model FR4-13-580-VN). 

Beam steering optics consisted of either high quality metal surface 

mirrors (Newport Research Corp., Fountain Valley, CA, model lODlO) anti-

reflection coated 90° prisms (Melles Griot, Irvine, CA, model 01-PQB-

001), or 488 nm dielectric coated mirrors (CVI Laser Corp., Albuquerque, 

NM, model AR5015). The probe beam was brought to a focus by either a 

30, 50 or-100 cm focal length plano-convex spherical lens (Melles Griot, 

Irvine, CA, series 01-LQF). Focusing of the pump source was effected by 

either a glass, piano-cylindrical lens (Melles Griot, Irvine, CA, series 

01-LQC), or a 30 cm plano-convex spherical lens similar to that listed 

previously. An optical delay line was used in the double beam experi­

ment. This was constructed of two 90° prisms mounted on a translational 

stage (Newport Research Corp., Fountain Valley, CA, model 430-1). The 

delay line served to change the distance one beam traveled relative to 

the other arm of the two beam system. 

The output of the photomultiplier tube was displayed on a fast 

oscilloscope (Tektronix, Inc., Beaverton, OR, model 7904 with a 7B92 

time base and 7A19 fast rise amplifier). The PMT signal was processed 

by either a sampling amplifier (Tektronix, Inc., Beaverton, OR, model 

7S14) used in conjunction with the oscilloscope, or a boxcar integrator 
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(EG&G Princeton Applied Research, Princeton, NJ, mainframe model 162 

with model 164 gated integrator processor module). The output from the 

boxcar was displayed on a chart recorder (Houston Instruments, Austin, 

TX, omniscribe series 5000 model B5117-SI). 

A detection cell in which the pump and probe fields enter orthogo­

nally to each other is depicted in Fig. 23. The cell was machined from 

a two inch piece of round aluminum stock through which a central 3 mm 

channel was drilled. Quartz tubing (i.d. 1 mm) was cemented into this 

channel to pass the pump beam. As is evident in Fig. 23, there are 

actually two independent cells constructed such that the pump field 

entrances are orthogonal to each other and the probe beam channel. 

For the experiments involving a colinear geometry, two cells were 

constructed similar to the orthogonal cell but without the pump beam 

entrance. These cells were independently mounted and positioned to 

facilitate investigation of the effect of argon-ion laser beam size on 

the RIKE signal. All plumbing was standard 1/16 inch stainless steel 

HPLC tubing. Because of the variety of compounds to be tested in these 

studies, a thorough investigation of several potential window adhesives 

was undertaken. These results are summarized in Table 8. 

Results and Discussion 

Signal processing 

To determine that the RIKE was being observed, the output from the 

PMT was terminated in 50 ohms and displayed on a fast oscilloscope. A 

peak was observed coincident with the arrival of the pump beam in the 
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Table 8. Effect of various Raman active liquids on potential window 
adhesives (NE = no effect; SS = slight swelling; SD = severe 
distortion) 

Armstrong 
A-12 Epoxy^ 

Silicone 
RTVb 

Black Plastic 
Rubber*" 

Balkamp 
High Tack" 

Acetonitrile NE NE NE ME 

Water NE NE NE NE 

Methanol NE NE NE NE 

THF SS SD SD SD 

Methylene Chloride SS SS SD SD 

Benzene SS SD SD SD 

CCI* SS SD SD NE 

CHCI3.. . SD SD - - --

CSg NE SS 

Nitrobenzene SS SS SD SS 

Chlorobenzene SS SS SD SS 

Hexane SS SD NE NE 

®A-12 Adhesive; Armstrong Products Co., Warsaw, IN. 

'^Silastic No. 732 RTV; Dow Corning Corp., Midland, MI. 

^Duro Black Plastic Rubber; Loctite Corp., Cleveland, OH. 

^Balkamp High Tack Adhesive Sealant No. 765-1217; Permatex Co. 
Inc., Kansas City, KS. 
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detection cell, corresponding to an increase in the intensity registered 

by the PMT. This increased intensity disappeared when either the probe 

or pump beam was blocked, or when the difference in and Wg no longer 

corresponded to a Raman transition. When the YAG-dye laser was used as 

the pump source, the laser was first blocked, unblocked and then scanned 

over the Raman transition. This provided a measure of the probe laser 

background, normal Kerr effect and RIKE, respectively. 

A 7S14 sampling amplifier with a fixed 350 picosecond gate was used 

to sample the RIKE signal. A problem with this method of processing was 

that there is a 5-7 ns jitter associated with the YAG trigger pulse. 

This jitter is substantially larger than the 350 ps sampling gate re­

sulting in-a widely fluctuating output. A photodiode set to sample a 

portion of the YAG beam was used to trigger the sampling amplifier. 

This provided much more reliable triggering. The gate was positioned 

over the peak maximum, however, the peak maximum is the portion of the 

peak most affected by variations in the pump field. This fact, coupled 

with the narrow fixed gate, resulted in an unacceptably varying output. 

A boxcar integrator provided a better way to sample the RIKE sig­

nal. This system synchronously samples the PMT signal with an aperture 

that is adjustable both in its duration (width), and the position in 

time when it occurs. Successive gated signals are integrated to improve 

the signal to noise ratio. This is possible because, theoretically, the 

signal will build up as the number of scans, while the noise increases 

only as the square root of the number of scans. 
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Optimum S/N was obtained when a 10 ns gate was used. However, the 

10 Hz repetition rate of the YAG system was slightly below that required 

by the processor module. Ideally, the output from the boxcar should 

approach the average value sampled at the input. At 10 Hz, the sample 

and hold circuitry could not maintain the voltage at this low repetition 

rate and this leakage decreased the signal to noise ratio. This problem 

was overcome by the installation of a digital storage board. The output 

from the sample and hold circuit was converted to a digital value, 

stored and the analog equivalent of the stored value fed back to the 

sample and hold circuit until the next event occurred. This combination 

provided a useful sampling system for observing the RIKE event. 

Experimental observations 

The first attempts to observe the RIKE utilized a ruby laser lasing 

at 6943 A as the pump source, and a CW dye laser as the probe. To ob­

tain the necessary power density, the ruby laser was passively Q-

switched using a bleachable dye. In this manner, 7-10 laser shots could 

be obtained before the dye solution required changing. Scattered pho­

tons from the pump laser were a large source of background. In this 

experimental arrangement, it was not possible to use narrow bandwidth 

line filters to isolate the probe beam, since the wavelength of the 

probe field was scanned. It was found that several totally reflecting 

6943 A mirrors placed at the entrance to the PMT, in conjunction with a 

light tunnel to isolate the probe path, eliminated this problem 

In this first experiment, the dye laser was tuned to 6496 A and the 

ruby beam brought in 90° to it. At this wavelength, " Wg = 992 cm"i. 
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which corresponds to a benzene transition. With benzene in the detec­

tion cell, upon firing of the ruby laser, the intensity recorded by the 

PMT increased by a factor of 2-3 over that when the dye laser was posi­

tioned off resonance. However, it was difficult to unambiguously attri­

bute the observed signal to the RIKE. Shot to shot variations were 

severe, and the limitation imposed by the ruby laser of only being able 

to make a measurement once per minute meant it was possible other ef­

fects could be causing the observed signal. 

An improved experimental arrangement used a YAG pumped dye laser as 

the pump field, and an argon ion laser as the probe. As before, a 90° 

geometry was used, and a schematic of the detection cell can be seen in 

Fig. 23. -The second half of the cell in Fig. 23 is necessary for the 

double beam experiment to be described shortly. 

The first use of this arrangement was to generate normal Kerr ef­

fect signal. With a 1:3 V:V solution of benzene in CH^CN, and the dye 

laser tuned off the benzene 3065 cm'i transition, substantial (intensity 

increases greater than 100 times) NKE signal was observed. When a half-

wave plate was used to render the polarization of the pump field paral­

lel to the probe, the NKE signal disappeared. This demonstrated that 

the proper polarization conditions were available to observe the RIKE. 

The advantage of tuning the pump versus the probe laser became 

clear in this study. The narrow bandwidth laser line filters mentioned 

previously effectively removed all of the scattered pump field radiation 

without the need for additional optics. With this arrangement, the 3065 
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Figure 23. 90° detection cell for the RIKE experiment 
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cm'i transition of benzene, and the 2977 cm~i transition of CH^CN was 

recorded. CH^CN does not affect the window adhesive as does the ben­

zene, and so it provided a more suitable system to study during these 

preliminary experiments. However, several disadvantages to the 90° 

experimental arrangement became apparent during these first investiga­

tions. First, the 90° geometry does not take full advantage of the 

resolution obtainable with the RIKE technique. Second, it was difficult 

to control the focusing of the pump laser. To overlap the probe laser 

properly, the pump beam was focused to a "line" with a cylindrical lens. 

However, the quartz tube channel necessary to pass the pump radiation 

also acted as a short focal-length cylindrical lens. The combination 

focusing-of these two elements was difficult to control. Third, and 

most important, is the fact that with the 90° arrangement there is no 

means for background suppression. 

With the colinear geometry schematically depicted in Fig. 22, the 

crossing angle is estimated to be approximately 1°. This provides ef­

fective overlap of the pump and probe beams for almost the entire length 

of the 5 cm detection cell. To produce the circularly polarized light 

necessary for background suppression, two methods were tried. First, a 

quarter-wave plate was used to render the pump field elliptically polar­

ized to such an extent that when reflected once at 45°, the resulting 

field was circularly polarized. A simple way to check this was to moni­

tor the NKE while rotating the quarter-wave plate to minimize the non-

resonant signal. Wave plates, however, are constructed to operate at a 

particular wavelength. This can cause problems when wavelength scanning 
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of the pump field is necessary. A better way to produce a circularly 

polarized pump beam is to pass a linearly polarized field through a 

Fresnel rhomb prism. Again, by monitoring the NKE, it was possible to 

adjust the optics to maximize the degree of circular polarization. In 

this manner, the pump field could be made approximately 90% circularly 

polarized, effectively suppressing the nonresonant background. 

Figure 24 is a scan over the 2977 cm"i C-H transition of CH^CN. 

The spectrum was obtained using a 10% V:V solution of CHgCN in water. 

Figure 24 unambiguously demonstrates that the RIKE is being observed, 

and it is evident that the full width at half maximum (FWHM) is approxi­

mately 10 cm'i. This demonstrates the high resolution obtainable with 

the RIKE -^chnique. 

The principal impetus behind these experiments was to investigate 

the analytical aspects of the RIKE. As such, it was important to verify 

the results predicted by Eqs. (47) and (50). Figures 25 and 26 show the 

dependence of the RIKE signal on the intensity of the probe and pump 

fields, respectively. As predicted, the signal shows a linear depend­

ence on the power of the probe field. The extinction ratio increased 

linearly with increased probe power up to approximately 100 mW. At 

greater powers, heating of the polarizer housing caused slight degrada­

tions in the extinction reading. Therefore, the S/N should be main­

tained at a probe beam power of 100 mW, and the RIKE signal would be 

maximized. The squared dependence on the pump field power is verified 

in Fig. 26. The slight leveling at powers greater than approximately 5 
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Figure 24. 2977 cm-i transition of CH^CN; 1 s time constant, scan rate: 
0.2 A s-i, scale: 17 A cm'i 
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Figure 25. Dependence of the RIKE signal on probe field power 
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Figure 26. Dependence of the RIKE signal on the square of the pump field power 
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MW is probably due to slight position changes in the YAG output at 

higher power settings. 

Figure 27 shows the expected squared dependence of the RIKE signal 

on the number density of scattering molecules. It should be noted that 

the signal for each of these three studies was obtained by scanning over 

the CHgCN transition. This provided a convenient way to determine the 

magnitude of the NKE for each experiment, so that the data could be 

corrected to account for the background. The limit of detection for 

CHgCN in water was determined to be 0.4% V:V at a S/N of 3. The sources 

of background included residual NKE signal plus Raman scattering from 

the solvent. D^O was used next as the solvent since its Raman lines are 

spectrally-shifted relative to H^O. With D^O in the detection cell, 

0.2% of CHjCN was detected at a S/N of 3. In comparison, a 0.5% solu­

tion of benzene in CCL^ was detected at a S/N of 5 for a similar inten­

sity detected RIKE experiment (196). However, the detected species in 

that work was benzene which has a cross section at least twice that of 

CHgCN. Therefore, since the RIKE signal depends on the square of the 

cross section, the results of reference 196 should be multiplied by a 

factor of 4 to put the results on the same scale. Therefore, the LOD 

reported here is at least an order of magnitude better than previously 

reported results. 

Theoretical signal to noise ratio limits 

It has been stated that the success of the intensity detected RIKE 

experiment depends on the efficiency of the laser polarization and how 
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Figure 27. Dependence of the RIKE signal on the square of the number 
density of scattering molecules 
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high the rejection ratio is for the polarizers (197). However, from the 

results presented in the previous section, it is clear that the four 

orders of magnitude improvement in the extinction ratio (lO-io vs. 10-5) 

reported here has not benefited the RIKE experiment as much as expected. 

To provide an explanation for this fact, a study of the sources of noiss 

affecting the RIKE experiment was undertaken. The results, it is hoped, 

will not only identify the sources of noise and provide some insight 

into the limits obtainable in this experiment as it is now conducted, 

but it should also point to those parameters which must be changed to 

improve the S/N capabilities of the technique. 

The model for this study is as follows. Three assumptions were 

made for the sake of clarity and simplification. First, the polarizers 

are operated in a crossed configuration (i.e., p^ * Pg = 0). Since one 

aim of this study is to correlate results obtained for extinction ratios 

of lO-io versus 10-6 for polarizers with orthogonal transmission axes, 

this is a reasonable assumption. Second, the pump field will be assumed 

to be circularly polarized and (1 - p)/(l + p) - 1. By utilizing a 

circularly polarized pump field, the lineshape will be symmetrical and 

the RIKE signal can be obtained from the height of the peak maximum 

relative to the baseline. Third, signal averaging will cause the signal 

to increase as the number of events sampled, while the noise will in­

crease only as the square root of the number of sampled events. 

With these conditions met, the RIKE signal, in photons, can be 

represented by 
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Signal = SI(_(0)(gji/4)^ (51) 

where S is the number of events sampled, I|_(0) is the number of probe 

photons available during the duration of the pump pulse, and g and z 

have the same meaning as defined earlier. The shot noise of the system 

is a function of the number of photons arriving at the detector, or 

Shot Noise = ( S e l [ _ ( 0 )  . (52) 

Here, e is the extinction ratio of the polarizer/analyzer pair. The 

noise due to the fluctuations in the pump field, Pg is given by 

Pump Noise = S^^^CIj^(O)(gji/4)^ (53) 

where C is the rms fluctuations in the pump field intensity. Finally, 

fluctuations in the probe field, or flicker noise can be represented by 

Flicker Noise = S^^^DI^fO) (54) 

and D is the rms fluctuations in the probe intensity at frequency, oij^. 

The total noise of the system is, therefore, the sum of Eqs. (52)-(54), 

and the signal to noise ratio of the system is then obtained by dividing 

Eq. (51) by the total noise. 
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SI, (0)(g*/4)2 
S/N = rip TT? 2 r72 

(561^(0)) / + S^/^ClL(0)(g£/4)'^ + 51/^01^(0)2 

Equation (55) was investigated using a small PC computer. Each 

experimental variable was in turn varied, and the effect on the S/N 

determined. Table 9 summarizes some of the results of this study. For 

ease of comparison. Table 9 was prepared with a constant N = 1.5 x lO^o 

molecules cm"3 (1% V:V), I^^(O) = 7.5 x 10^ photons (30 mW, 10 ns), and 

the rms fluctuations in the probe were set at 1%. 

Section A shows the effect of increasing Pg on the S/N. At larger 

Pg, the signal increases as predicted by Eq. (47) and experimentally 

verified earlier, however, the noise in the signal due to fluctuations 

in Pg also increases proportionally. Therefore, when the total noise is 

dominated by the noise due to Pg, the S/N should remain constant even as 

P is increased. This is illustrated in A. The S/N at P^ = 1 MW cm"2 
S ^ 

is low because at this pump field power density, there is so little RIKE 

signal being generated that other sources of noise dominate. The en­

tries for Pg equal to 30 and 100 MW cm'Z, respectively, better illus­

trate this point. Even when Pg is increased by a factor of 3.3, the S/N 

remains virtually constant. In fact, the S/N is equal to 99 at Pg = 25 

MW cm"2, and 99.99 at 1000 MW cm"^, respectively. Therefore, it is 

useless to operate under these experimental conditions at pump powers 

greater than approximately 25 MW cm"2 unless the fluctuation in Pg can 

be reduced. 
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Table 9. Effect of experimental parameters on the S/N of the 
intensity-detected RIKE 

Ps(MW cm'h £ 

Boxcar 
Time Const, (s)® 

rms Pump 
Fluctuations S/Nb 

A. 1 
30 

100 
g 

10 
10 
10 

0.10 
0.10 
0.10 

10.1 
99.0 
99.9 

B. 30 
30 
30 

10-10 
10-° 
10-G 

10 
10 
10 

0.10 
0.10 
0.10 

99.0 
91.0 
44.3 

C. 30 
30 
30 

10-10 
10-8 
10-6 

10 
10 
10 

0.01 
0.01 
0.01 

910 
497 
73.7 

D. 30 
30 
30 5 

0.1 
1.0 

10 

0.10 
0.10 
0.10 

9.90 
31.3 
99.0 

E. 30-. 
30 
30 . li 

10 
10 
10 

0.01 
0.05 
0.10 

910 
196 
99.0 

^Number of samples = boxcar time constant x rep rate laser. 

bpor N = 1.5 X 10^0 molecules cm"^ {1% V:V), 1^(0) = 7.5 x 10® 
photons (30 mW), and D = 1% {1% rms fluctuations in probe). 
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Section B shows the effect of increasing extinction ratio on the 

RIKE S/N. As is clearly evident, a four orders of magnitude improvement 

in the extinction ratio only produces a factor of 2 improvement in the 

S/N. Again, this underscores the fact that the dominant source of noise 

is due to the fluctuations in Pg, and the RIKE experiment is not shot 

noise limited. In entry C, the rms fluctuations in Pg have been reduced 

to 1%, and the same improvement in the extinction ratio now results in 

more than an order of magnitude increase in the S/N. Clearly, to ap­

proach the shot noise limit for the RIKE experiment, it will be neces­

sary to reduce the fluctuations in the field at Wg. This may be possi­

ble by careful normalization of each RIKE event with respect to laser 

power. By-applying the proper function, it should be possible to cor­

rect each data point in a scan, thereby reducing the influence of the 

variations in Pg. Another way is to use a laser that produces more 

pulses per unit time to improve the averaging. A copper vapor laser 

(CVL) pulses at 5 kilohertz with an output composed of 510 nm (67%) and 

578 nm (33%) light. A preliminary experiment to generate the normal 

Kerr effect showed almost an order of magnitude improvement in the NKE 

S/N compared to previous trials with the YAG system. Attempts to locate 

compounds with Raman transitions corresponding to the difference in 

frequency of the copper vapor laser and an argon ion line were unsuc­

cessful. However, the NKE results suggest that a similar improvement in 

the RIKE S/N may be possible using the CVL as the pump source and a CW 

dye laser as the probe. 
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Sections D and E of Table 9 demonstrate the points mode above. In 

D, the number of samples has been increased from one (t.c. = 0.1) to 

one-hundred (t.c. = 10) with the concomitant increase of 10 in the S/N. 

Since the CVL is capable of generating power densities greater than 20 

MW cm"2; improvements in the RIKE S/N of at least 20 should be attaina­

ble considering the 5 kHz sampling rate. In E, the rms fluctuations in 

the pump field have been reduced from 10% to 1% with almost an order of 

magnitude improvement in the S/N. It seems conceivable that proper 

normalization should be able to reduce the fluctuation from 10% to 5% 

which would result in a factor of two improvement in the S/N. 

Several other experimental parameters were neglected for clarity, 

including-fldise associated with the electronics, the influence of the 

purity of the circularly polarized field at Wg, operation at polarizer 

positions- away from the minimum, and sources of background (NKE and 

Raman scattering from the solvent). However, even so, the results pre­

sented here are useful for understanding the intensity detected RIKE 

experiment. Equation (55) can also be solved to determine what concen­

tration is detectable at a signal to noise ratio of three. Using values 

for the experimental parameters similar to those when the LOD of 0.2% 

was determined (Pg = 30 MW cm"2, 1^(0) = 7.8 x 10^ photons, wg = 1.75 x 

10"* cm-l, u)l = 2.05 x 10"» cm"!, e = IQ-iO, S = 10 sec., D = 190, C = 10% 

and £ = 5 cm), a theoretical detection limit of 0.02% should be attaina­

ble. In fact, the optimum and experimental values are probably closer 

because the interaction length was overestimated, and the assumption 

(1 - p)/(l - p) - 1 may be in error. If the power density at Wg can be 
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increased to 100 MW cm'Z, I^_(0) increased to 100 mW, and if the fluctua­

tions in Pg can be reduced to 5%, a volume fraction of 4 x 10-3% would 

be detectable. 

A theoretical investigation of the limits of detection for several 

nonlinear Raman techniques has been reported (198). The results, in 

ppm, along with the LCD for spontaneous Raman scattering are listed 

below. 

In these calculations, the rms fluctuations in the pump and probe fields 

were.5% and 0.5%, respectively, with a of 50 kW and no averaging. In 

comparison, the experimentally determined LOO of 2000 ppm reported here 

for 100 averaged laser pulses falls in the middle of the listed values. 

In addition, the theoretical LOP for the intensity detected RIKE is at 

least as good as that obtainable from the best of the other nonlinear 

Raman methods. This should provide the impetus for further research on 

the RIKE technique. 

Double beam RIKE as a means for background suppression 

As discussed previously, a major source of background is the non-

resonant normal Kerr effect. Conceptually, it should be possible to 

subtract out the background by the use of a sample/reference cell con­

figuration. However, as the RIKE signal decreases in magnitude, a point 

is reached where the background is a substantial portion of the total 

signal. At this point, two large signals must be differenced to obtain 

Spont. Raman 
OHD-RIKES 

CARS 
SRS 

11,000 
4,000 

300 
110 
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the small RIKE signal. The uncertainty in such a procedure is always 

large. A better method would be to suppress the background before the 

photodetector. In this manner, the RIKE signal would be observed on top 

of a small background and no differencing procedure would be necessary. 

In addition, saturation of the photodetector with a large background 

signal would no longer be a consideration. 

The first demonstration of the double beam optical null used a 90° 

geometry and the cell diagramed in Fig. 23. The experiment was per­

formed in the following manner. First, the RIKE signal was maximized 

for each cell by blocking one cell at a time and adjusting the pump beam 

to faci l i tate maximum overlap with the probe. Next,  both cel ls were 

unblocked-to obtain a measure of the amount of'cancellation. Finally, 

the pump beam position into the second cell was adjusted to maximize the 

cancellation (i.e., minimize the total signal). In this manner, approx­

imately 25-30% of the maximum signal in one cell could be cancelled out 

of the total. When the 25 cm focal length spherical lenses used to 

focus the pump beams for the first trials were replaced with cylindrical 

lenses, the magnitude of the signal in each cell was increased substan­

tially (more overlap with the probe), but the efficiency of the cancel­

lation did not improve. 

The problem is in the size mismatch of the pump and probe beams in 

the cell, and the situation is illustrated in Fig. 28. Since the pump 

beam must pass through a cylindrical glass tube before entering the 

sample chamber, it is difficult to control the degree of focusing. In 

effect, the glass tube acts as a short focal length cylindrical lens. 
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Figure 28. Overlap of the two pump beams with the probe (outer circle) for the double beam 
experiment with a 90° geometry: left, spherical focusing; right, cylindrical 
focusing. Solid: overlap (cancellation) region; hatched: RIKE signal, no 
cancellation 
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In the left portion of Fig. 28, the situation for spherical focusing is 

depicted. Only in those regions in space where the two pump beams over­

lap the probe and each other, would cancellation take place. Nonover-

lapped regions produce noncancellable signal. On the right of Fig. 28, 

the analogous situation for cylindrical focusing is diagramed. Again, 

it is very difficult to provide total spatial overlap of the three 

beams. 

Another consideration was that the two pump beams arrive in the 

detection cell at approximately the same time. To assure this, an op­

tical delay line was put in one arm and scanned to produce a varying 

time delay. However, no further cancellation was evident. This was not 

unexpected-since in 10 ns, light travels approximately 3 meters. There­

fore, slight mismatches of a few centimeters are inconsequential com­

pared to the 3 meters light travels during the duration of the YAG 

pulse. Only when cancellation can be made close to 99% will distance 

considerations for the two beams be important. 

Even with adjustment of the degree of focusing of the probe and 

pump beams, no further cancellation was possible. Since it was very 

difficult to control the effect of the glass tube, a colinear geometry 

was utilized next. The colinear arrangement eliminated the need for a 

separate entrance for the pump beams and overlap was made much easier. 

The first experiments used Fresnel rhomb prisms to produce a circu­

larly polarized pump field, and cancellation of the benzyl alcohol RIKE 

signal was observed. Later, in order to simplify the experiment as much 

as possible, the rhombs were removed and a plane polarized pump field 
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used. First, the polarization of the two pump fields were made paral­

lel, and addition was observed. That is, if the signal was 50 units in 

each cell separately, when both cells were unblocked, a signal of 100 

relative units was recorded. Next, the polarization of the two fields 

was made orthogonal, the signal maximized in each cell separately, and 

then both cells were unblocked to give the cancelled signal. Figure 29 

shows the best cancellation trial. In Fig. 29, the pump laser was posi­

tioned 2960 cm'i from the 488 nm probe, and the total signal is, there­

fore, composed of a contribution from the NKE of CH^CN, and the RIKE of 

benzyl alcohol. With the pump beams orthogonally polarized and balanced 

in power, the signals due to the two detection cells are 52 and 51 

units,- respectively. When the pump beam was introduced into both cells 

simultaneously, the signal was reduced to 11 units. Therefore, cancel­

lation of: approximately 80% of the signal was observed. 

The limitation to the double beam technique is due to the inhomoge-

neous nature of the pump beam, and the unequal degree of overlap in the 

two cells. Future work should involve eliminating these two problems to 

expand the utility of the double beam null. Even with its present capa­

bility, the double beam null may have use in minimizing spectral overlap 

between closely spaced solvent and analyte Raman transitions. For even 

severely overlapping peaks, an 80% reduction in the interferent contri­

bution should allow peak location and half-width information to be 

obtained. 
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Figure 29. Cancellation results for the double beam null. Cancelled signal measured with both 
cells unblocked 
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Conclusions 

In summary, the RIKE has been shown to be a useful nonlinear Raman 

technique with analytical capabilities as good as most existing Raman 

techniques. The advantages common to other nonlinear Raman methods are 

maintained in the RIKE, but with a simpler experimental arrangement 

than, for example, CARS. In this chapter, the experimental parameters 

affecting the RIKE were experimentally verified, and a theoretical in­

vestigation of the S/N capabilities of this technique isolated those 

variables which limit it now. Solutions to these limitations were pro­

posed. In addition, a unique optical null has been demonstrated for the 

suppression of nonresonant background or solvent RIKE signals. The 

utility of-this double beam optical null will Have to await the develop­

ment of high power pulsed lasers with more homogeneous beam profiles. 
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