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rotation for pure (+)-camphor is +43.8° in absolute ethanol, but the mixture shows a spe-
cific rotation of +26.3°.

+26.3°

X = i
4380 100 = 60% optically pure

Optical purity =

100 — 60

% (+) enantiomer = 60 + ( 2

)=80%

% (—) enantiomer = (1002—_60) = 20%

Notice that the difference between these two calculated values equals the optical purity
or enantiomeric excess (ee).

PROBLEMS

1. Calculate the specific rotation of a substance that is dissolved in a solvent (0.4 g/mL) and that
has an observed rotation of —10° as determined with a 0.5-dm cell.

2. Calculate the observed rotation for a solution of a substance (2.0 g/mL) that is 80% optically
pure. A 2-dm cell is used. The specific rotation for the optically pure substance is +20°.

3. What is the optical purity of a partially racemized product if the calculated specific rotation is
—8° and the pure enantiomer has a specific rotation of —10°? Calculate the percentage of each of
the enantiomers in the partially racemized product.

TECHNIQUE 18

Refractometry

The refractive index is a useful physical property of liquids. Often, a liquid can
be identified from a measurement of its refractive index. The refractive index can also
provide a measure of the purity of the sample being examined. This is accomplished by
comparing the experimentally measured refractive index with the value reported in the
literature for an ultrapure sample of the compound. The closer the measured sample’s
value to the literature value, the purer the sample.

18.1 THE REFRACTIVE INDEX

The refractive index has as its basis the fact that light travels at a different ve-
locity in condensed phases (liquids, solids) than in air. The refractive index n is de-
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fined as the ratio of the velocity of light in air to the velocity of light in the medium
being measured:

"= Vir _ sin @
Viquia ~ Sin ¢

It is not difficult to measure the ratio of the velocities experimentally. It corresponds to
(sin O/sin ¢), where 8 is the angle of incidence for a beam of light striking the surface of
the medium and ¢ is the angle of refraction of the beam of light within the medium. This
is illustrated in Figure 18.1.

The refractive index for a given medium depends on two variable factors. First, it is
temperature-dependent. The density of the medium changes with temperature; hence, the
speed of light in the medium also changes. Second, the refractive index is wavelength-
dependent. Beams of light with different wavelengths are refracted to different extents in
the same medium and give different refractive indices for that medium. It is usual to re-
port refractive indices measured at 20°C, with a sodium discharge lamp as the source of
illumination. The sodium lamp gives off yellow light of 589-nm wavelength, the so-called
sodium D line. Under these conditions, the refractive index is reported in the following
form

n = 1.4892

The superscript indicates the temperature, and the subscript indicates that the sodium D
line was used for the measurement. If another wavelength is used for the determination,
the D is replaced by the appropriate value, usually in nanometers (1 am = 10™° m).
Notice that the hypothetical value reported above has four decimal places. It is easy
to determine the refractive index to within several parts in 10,000. Therefore, np, is a very
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Figure 18.1 The refractive index.
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accurate physical constant for a given substance and can be used for identification.
However, it is sensitive to even small amounts of impurity in the substance measured.
Unless the substance is purified extensively, you will not usually be able to reproduce the
last two decimal places given in a handbook or other literature source. Typical organic
liquids have refractive index values between 1.3400 and 1.5600.

18.2 THE ABBE REFRACTOMETER

The instrument used to measure the refractive index is called a refractometer.
Although many styles of refractometer are available, by far the most common instrument
is the Abbé refractometer. This style of refractometer has the following advantages:

1. White light may be used for illumination; the instrument is compensated, however, so
that the index of refraction obtained is actually that for the sodium D line.

2. The prisms can be temperature-controlled.

3. Only a small sample is required (a few drops of liquid using the standard method, or
about 5 uL using a modified technique).

A common type of Abbé refractometer is shown in Figure 18.2.
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Figure 18.2 Abbé refractometer (Bausch and Lomb Abbé 3L).
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Figure 18.3 Simplified diagram of a refractometer.

The optical arrangement of the refractometer is very complex; a simplified diagram
of the internal workings is given in Figure 18.3. The letters A, B, C, and D label corre-
sponding parts in both Figures 18.2 and 18.3. A complete description of refractometer op-
tics is too difficult to attempt here, but Figure 18.3 gives a simplified diagram of the es-
sential operating principles.

Using the standard method, the sample to be measured is introduced between the
two prisms. If it is a free-flowing liquid, it may be introduced into a channel along the
side of the prisms, injected from a Pasteur pipet. If it is a viscous sample, the prisms must
be opened (they are hinged) by lifting the upper one; a few drops of liquid are applied to
the lower prism with a Pasteur pipet or a wooden applicator. If a Pasteur pipet is used,
take care not to touch the prisms, because they become scratched easily. When the prisms
are closed, the liquid should spread evenly to make a thin film. With highly volatile sam-
ples, the remaining operations must be performed rapidly. Even when the prisms are closed,
evaporation of volatile liquids can readily occur.

Next, you turn on the light and look into the eyepiece D. The hinged lamp is ad-
justed to give the maximum illumination to the visible field in the eyepiece. The light ro-
tates at pivot A.

Rotate the coarse and fine adjustment knobs at B until the dividing line between the
light and dark halves of the visual field coincide with the center of the cross hairs
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Figure 18.4 (A) Refractometer incorrectly adjusted. (B) Correct
adjustment.

A

(Fig. 18.4). If the cross hairs are not in sharp focus, adjust the eyepiece to focus them. If
the horizontal line dividing the light and dark areas appears as a colored band, as in Figure
18.5, the refractometer shows chromatic aberration (color dispersion). This can be ad-
Justed with the knob labeled C drum. This knurled knob rotates a series of prisms, called
Amici prisms, that color-compensate the refractometer and cancel out dispersion. Adjust
the knob to give a sharp, uncolored division between the light and dark segments. When
you have adjusted everything correctly (as in Fig. 18.4B), read the refractive index. In the
instrument described here, press a small button on the left side of the housing to make
the scale visible in the eyepiece. In other refractometers, the scale is visible at all times,
frequently through a separate eyepiece.

Occasionally, the refractometer will be so far out of adjustment that it may be
difficult to measure the refractive index of an unknown. When this happens, it is wise
to place a pure sample of known refractive index in the instrument, set the scale to the
correct value of refractive index, and adjust the controls for the sharpest line possible.
Once this is done, it is easier to measure an unknown sample. It is especially helpful
to perform this procedure prior to measuring the refractive index of a highly volatile
sample.

There are many styles of refractometer, but most have adjustments similar to
those described here.

In the procedure described above, several drops of liquid are required to obtain the
refractive index. In some experiments, you may not have enough sample to use this stan-
dard method. It is possible to modify the procedure so that a reasonably accurate refrac-
tive index can be obtained on about 5 ul of liquid. Instead of placing the sample directly
onto the prism, the sample is applied to a small piece of lens paper. The lens paper can be
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Figure 18.5 Refractometer showing chromatic aberration
(color dispersion). The dispersion is incorrectly adjusted.
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conveniently cut with a hand-held paper punch,' and the paper disc (0.6 cm diameter) is
placed in the center of the bottom prism of the refractometer. To avoid scratching the prism,
a forceps or tweezers with plastic tips should be used to handle the disc. About
5 uL of liquid is carefully placed on the lens paper using a microliter syringe. After clos-
ing the prisms, the refractometer is adjusted as described above and the refractive index is
read. With this method, the horizontal line dividing the light and dark areas may not be as
sharp as it is in the absence of the lens paper. It may also be impossible to eliminate color
dispersion completely. Nonetheless, the refractive index values determined by this method
are usually within 10 parts in 10,000 of the values determined by the standard procedure.

18.3 CLEANING THE REFRACTOMETER

In using the refractometer, you should always remember that if the prisms are
scratched, the instrument will be ruined.

Do not touch the prisms with any hard object.

This admonition includes Pasteur pipets and glass rods.

When measurements are completed, the prisms should be cleaned with ethanol or
petroleum ether. Soff tissues are moistened with the solvent, and the prisms are wiped gen-
tly. When the solvent has evaporated from the prism surfaces, the prisms should be locked
together. The refractometer should be left with the prisms closed to avoid collection of
dust in the space between them. The instrument should also be turned off when it is no
longer in use.

18.4 TEMPERATURE CORRECTIONS

Most refractometers are designed so that circulating water at a constant temperature
can maintain the prisms at 20°C. If this temperature-control system is not used, or if the wa-
ter is not at 20°C, a temperature correction must be made. Although the magnitude of the
temperature correction may vary from one class of compound to another, a value of 0.00045
per degree Celsius is a useful approximation for most substances. The index of refraction
of a substance decreases with increasing temperature. Therefore, add the correction to the
observed np, value for temperatures higher than 20°C and subtract it for temperatures lower
than 20°C. For example, the reported np, value for nitrobenzene is 1.5529. One would ob-
serve a value at 25°C of 1.5506. The temperature correction would be made as follows:

nd = 1.5506 + 5(0.00045) = 1.5529

'In order to cut the lens paper more easily, place several sheets between two pieces of heavier paper, such as that used for
file folders.




