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PREFACE

As mandated in 1901 by an act of Congress, a prime func-
tion of the National Bureau of Standards (NBS) is to develop
and maintain the capability for making accurate physical and
chemical measurements on the various materials used in
science and industry: One of the principal ways in which this
mandate has been fulfilled is through the issuance of
certified Standard Reference Materials (SRM's). These
standards are used to transfer the accurate measurements made
at NBS to the user and are frequently issued with detailed
publications describing how these SRM's were produced and
should be utilized. An NBS series of papers, of which this
publication is a member, called the NBS Special Publication -
260 Series, is used for this purpose.

Because of a demonstrated need for more practical trans-
mittance standards, particularly for wuse in clinical
chemistry, a program was initiated in 1968 to study the
fundamental principles of optical transmittance and to
develop the instrumentation necessary to insure its accurate
measurement. This publication is a summary of the work
undertaken during the 1last decade for achieving this
objective. It contains a description of the instrumentation
that was developed in the NBS Center for Analytical Chemistry
for providing accurate transmittance measurements on solid
and liquid samples, a summary of the SRM's that were produced
and, 1in addition, brief descriptions of techniques and
methodologies that were developed for the accurate chemical
characterization of various materials by molecular absorption
spectrometry. The scientific papers published in this field
are also reviewed together with considerations for future
developments.

Inquiries concerning the technical content of this paper
should be directed to the authors. Other questions concerned
with the availability, delivery, price, and so forth will
receive prompt attention from:

Office of Standard Reference Materials
National Bureau of Standards
Washington, D.C. 20234

George A. Uriano, Chief
O0ffice of Standard Reference Materials

Ernest L. Garner, Chief
Inorganic Analytical Research Division
Center for Analytical Chemistry
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FOREWORD

This work presents a discussion concerning the use of spectrophotometricl
techniques for the assessment of the optical transmittance of solid or 1liquid
materials, and for the determination of several selected chemical species in a
number of matrices. Particular emphasis is placed on the accuracy of the measure-
ments obtained by using the instrumentation, the Standard Reference Materials, and
the analytical procedures developed during the last decade in the Center for
Analytical Chemistry of the National Bureau of Standards (NBS). This publication
is divided into two parts: the first part contains a concise description of the
high-accuracy spectrophotometer constructed at the NBS Center for Analytical
Chemistry, together with a review of the Standard Reference Materials (SRM's)
produced at NBS in the field of spectrophotometry. The second part is concerned
with the description of several selected analytical applications of
spectrophotometric techniques to the determination of antimony, arsenic, nickel,
cobalt, and copper, in various matrices and with a known accuracy.

Future developments in spectrophotometry are considered in the concluding
remarks to this work. It includes the potential development of new analytical
methods based on the formation of ternary complexes and the use of high
performance 1liquid chromatography as a separation technique for simultaneous
multielement analysis.

For further information and convenience, a number of selected publications,
directly related to the subjects discussed in this work, are reproduced in the
Appendix, together with copies of the certificates for the Standard Reference
Materials produced by the National Bureau of Standards in the field of
spectrophotometry.

The material used in this work was taken from two lectures delivered by the
authors, one at the Society for Applied Spectroscopy meeting in Chicago, I11inois
on October 21-22, 1981, with the title "Standard Reference Materials for
Spectrophotometry” and the other at the American Society for Testing and Materials
Symposium, Boston, Massachusetts, June 27, 1978. This last lecture is published
in an ASTM Special Technical Publication 708, pages 45-65, 1980, with the title

"Assessment of the Accuracy of Spectrophotometric Measurements and
Methodologies".

INote: the terminology used throughout this publication follows the nomenclature defined by
K. D. Mielenz [1]2.

2fFigures in brackets indicate the literature references at the end of this paper.



ABSTRACT

This publication describes activities undertaken since
1969 within the Center for Analytical Chemistry of the
National Bureau of Standards (NBS) in the field of high-
accuracy spectrophotometry. The first part of this work
presents a summary of the Standard Reference Materials (SRM's)
that have been developed for checking the proper functioning
of ultraviolet and visible spectrophotometers and includes a
description of the high-accuracy spectrophotometer specially
constructed in the Center for Analytical Chemistry and
subsequently used for performing all of the transmittance
measurements. The second part of this publication is devoted
to a critical discussion of the analytical factors that can
affect the accuracy of selected spectrophotometric procedures
that have been widely used at NBS in the characterization of
various SRM's. :

Key Words: absorbance; accuracy;: antimony; arsenic;
cobalt; comparative measurements; copper;
high-accuracy spectrophotometry; nickel;
polarization; scatter; spectral bandpass;
spectrophotometric determinations; Standard
Reference Materials; stray light; transmit-
tance; transmittance stability; wavelength
accuracy.

DISCLAIMER

In order 10 describe materials and experimental
procedures adequately, it was occasionally necessary to
identify commerical products by the manufacturer's name or
label. In no instances does such identification imply
endorsement by the National Bureau of Standards nor does it
imply that the  particular products or equipment are
necessarily the best available for that purpose.
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PART ONE
1. General

Ultraviolet and visible spectrophotometry is a measuring technique widely used in science and
technology for the determination of numerous chemical elements in a large variety of materials. In
the field of health alone, over 95 percent of all quantitative analyses are performed by spectro-
photometry and this percentage represents over 3,000,000 daily tests carried out in the chemical
laboratories in this-country. The need for precision, and particularly for accuracy is of vital
importance to these measurements. A1l determinations that use spectrophotometry are based on the
measurement of the optical transmittance of the analytical sample, and the accurate measurement of
this parameter is an essential requirement, especially when used not only to establish the optical
characteristics of the material, such as the molar absorptivity, but also in enzyme studies, and
dosimetry. Transmittance accuracy is also indispensabie for interlaboratory exchange and comparison
of analytical data.

As indicated by Royden Rand in a comprehensive review [2], numerous interlaboratory studies,
using various conventional instruments and various standard solutions, have proven that the accuracy
of wavelength and transmittance measurements may be "exceedingly poor". As a result of this situa-
tion and following the numerous requests from the users of spectrophotometers, and in particular,
from the clinical chemists, the National Bureau of Standards initiated in 1969 a project to study
the various factors that affect the accuracy of spectrophotometric measurements, and to provide
means to identify, assess, monitor, and, if possible, decrease the uncertainty of such measure-
ments [3].

The sources of variance that are responsible for the uncertainty of spectrophotometric measure-
ments were identitied as wavelength accuracy, spectral bandpass, radiation pathlength, stray radiant
energy, and transmittance scale accuracy. Since no adequate instrumentation was available to study"
these parameters individually, in a quantitative manner, and with a proven accuracy, it was decided
to design and construct a special high-accuracy spectrophotometer for this purpose [4]. This
research instrument was completed and tested in 1970 and was used, since then, for the certification
of all the Standard Reference Materials for transmittance and stray radiant energy produced to date
at NBS. A condensed description of this instrument is given in the following section.

2. Experimental
2.1. Description of the High-Accuracy Spectrophotometer

The high-accuracy spectrophotometer developed at NBS is a single beam instrument and is illus-
trated in Figure 1. 1Its major components described only briefly here are: .(a) a radiation source;
(b) a monochromator; (c) a sample holder; (d) a system to verify the accuracy of the transmittance
measurements; (e) an integrating sphere-photomultiplier unit connected to a digital voltmeter; and
(f) a data acquisition and display system. A circular neutral wedge is located between the radia-
tion source and the entrance slit of the monochromator and it is used to select various levels of
radiation flux dintensities required by the measurements. Adequate quartz-lithium fluoride
achromats are used as objectives to produce the necessary beam geometries.

The radiation source for the spectral range 400-1000 nm is a ribbon tungsten filament lamp
supplied by a constant current source. The stability of this current is monitored with a potentio-
meter capable of detecting changes of 2-3 parts in 106. For the ultraviolet region from 200 to 400
nm, a deuterium discharge lamp is used. These two 1ight sources are interchangeable and their
images can be directed on the entrance slit of the monochromator, using a 45° mirror.

The monochromator is a 1 m Czerny-Turner grating instrument provided with a quartz prism pre-
disperser, tunctioning as a double monochromator to reduce stray radiant energy. These parts are
illustrated in Figure 2.

The sample carrying system provides for manual measurements of one sample and its blank or of
seven samples and eight blanks in a sequential order. They can be operated manually or automatically
through a microcomputer. The integrating sphere-photomultiplier unit is placed at the end of the
optical path and is made from a hollow aluminum sphere provided with a target coated on the inside
with BaSO,. The image of the exit s1it of the monochromator is projected on the target (Figure 3).
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Figure 1. Schematic description of the single beam high-accuracy spectrophotometer. The
double aperture unit is placed on the optical bench only when linearity measure-
ments are performed [3,4].

The data acquisition and presentation system consists of a digital voltmeter capable of taking
40 readings per second. The radiation intensities, I, obtained for the sample, and Io’ for the

reference beam, passing through air (I ) or the blank sample (I ) are used by the micro-

o blank

computer to calculate transmittance 1'<l- > or internal transmittance T, (%— ), which can be
. o air o blank

expressed as transmittance density (-10910 T) or absorbance (-10910 Ti)‘

o air

The microcomputer 1is also programed to operate all of the measuring sequences, including
wavelength settings, 1ight source intensity adjustments, sample changings, and transmittance measure-
ments. These parts are shown in Figure 4. )

An essential element of this instrumentation is the system for verifying the accuracy of the
transmittance measurements. As mentioned previously, the radiation intensities passing through the
sample and reference channels generate corresponding photocurrents i and io at the photomultiplier.

These photocurrents are substituted for I and I0 in the above transmittance expression and their

ratio is the optical transmittance value for the material measured. If these photocurrents can be
measured accurately, it follows implicitly that the optical transmittance value will be accurate
provided wavelength, radiation pathlength accuracy, adequate spectral bandpass, and freedom of stray
radiant energy have been achieved.

A necessary relationship that is implicit for the accurate measurement of photocurrents is that
a linear relation exists between the radiation flux intensity and the corresponding photocurrent
generated by the photodetector.

Various methods may be used to measure the linearity of these photocurrents. A technique based
un the radiation addition principle using two apertures was selecled for ils simplicity and freedom
from errors. The two aperture system, illustrated in Figure 5, consists of a metal plate provided
with two rectangular windows A and B. Each window can be closed by shutters operated remotely
through pneumatic controls [5]. This aperture system is placed following the exit slit of the mono-
chromator and always within the optical solid angle of the instrument. The image of the apertures
is then. produced on the target of the integrating sphere. The l1inearity verification consists of
measuring the photocurrent produced with aperture A open and B closed; then B open and A closed;
and finally with both apertures A and B open. If the system is linear, the sum of the photocurrents
obtained separately with aperture A and B should be equal to the photocurrent obtained when both
apertures A and B are open. If this is not the case, the system shows a nonlinearity which is pro-
portional to the amount by which the sum of (A) + (B) differs from (A + B). This difference is then
used to correct the transmittance measurements. During the individual measurement of (A), (B), and
the combined (A + B), experimental conditions should remain identical. .
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Figure 4.

Console containing the power supply for the photomultiplier tube, the null
detector, the current-to-voltage converter, the digital véltmeter, the command
panel for the microcomputer operation, and the command panel for the pneumatic
controls. The electric switches for operating the circular neutral wedge are
also located on this panel. Middle right: potentiometer for monitoring the
dc current supplied to the tungsten ribbon filament lamp. At the bottom left:
teletype for data presentation. Right: 1light panel indicating the position of
the sample holder. On top: microcomputer.
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Figure 5. Front view of the double-aperiure
unit. The twec pneumeaticaliy cor-
trciied shutters are located on the

e back of the piate.

A Critical study by K. D. Mielenz and K. L. Eckerle [6] has concluded that the possible causes
of errors generated by optical diffraction and interferences occurring at the apertures system will
not affect the accuracy of the measurements at 1 part in 10°. The stability of the various elec-
tronic and optical parts was determined and the results are summarized in Table 1. From these data
it can be concluded that the transmittance of a stable glass filter can be determined with an
uncertainty of 1 part in 10%. Since the same uncertainty is obtained when the linearity of the
photocurrent is measured, the accuracy of the transmittance is also assessed with an uncertainty of
1 part in 104.

A similar high-accuracy spectrophotometer, désigned by K. D. Mielenz et al. [7], was constructed
and is used in the NBS Center for Radiation Research for the study of various physical parameters in
spectrophotometry. This instrument differs from the one described here in that it uses reflecting
rather than refracting optics. Some of the parameters studied on this research instrument are:
interreflection phenomena, polarization, homogeneity of the photomultiplier sensitive surface,
effectiveness of integrating spheres and diffusers, scatter and homogeneity of transparent solid
optical filters, wavelength calibration of glass filters, etc., [8].



Table 1. Summary of Functioning Characteristics of the High-Accuracy Spectrophotometer.

— Stability of the electronic system 1 to 2 parts in 105
— Stability of the electronics and PM tube (dark) 4 parts in 105
- Stability of e]ectronigs, PM tube, and radiofluorescent source 7 parts in 105
- Stability of electronics, PM tube, and tungsten ribbon filament 2.2 parts in 104

4

— Reproducibility of transmittance measurements 1 part in 10

2.2. Standard Reference Materials

The high-accuracy spectrophotometer housed in the Center for Analytical Chemistry is described
in this paper because it represents the primary transmittance standard. - The only way known to us
by which the accurate transmittance values determined with this instrument, on solid and liquid
materials in the spectral range from 200-800 nm, can be transmitted to the users of spectrophotom-
eters 1is with the help ot Standard Keterence Materlals, or SRM's. These SRM's are defined as
"well-characterized materials produced in quantity and certified for one or more physical or chemical
properties", and their objective is to assure the accuracy and compatibility of measurements through-
out the nation, by transmitting to the user the accurate values obtained at NBS.

A number of SRM's have been prepared at NBS for the verification of the accuracy of the wave-
length and transmittance scales of conventional spectrophotometers, and for assessing the stray
radiant energy. Cuvettes having a known radiation pathlength and a fluorescent SRM have also been
issued. These SRM's are described in Table 2 which presents a summary of their major characteristics
together with information on the publications prepared at NBS that describe in detail the selection,
characteristics, preparation, calibration procedures, and uses of these materials.

2.2.1. SRM 930

The first SRM for spectrophotometry, issued by NBS in March 1971, is the transmittance standard
illustrated in Figure 6. It consists of three glass filters made of Schott NG-4 and NG-5 optically
neutral glasses cut to fit a metal holder that can be placed in the cuvette compartment of conven-
tional spectrophotometers. Their nominal transmittances, in the visible spectral range from 400-635
nm, are 10, 20, and 30 percent. Each transmittance is certified with an uncertainty of 0.5 percent,
at the time of certification, at wavelengths of 440, 465, 546, 590, and 635 nm and with spectral
bandpasses of 2.2-6.0 nm according to the wavelength. :

Each metal holder is provided with two shutters for the protection of the glass, and a fourth
empty holder is provided, as shown in Figure 7, for use in the reference beam. The filters are
placed 1n a black anodized aluminum holder for storage and transportation. Before certification,
each glass filter is examined using a stereomicroscope (x30) for surface defects. It is then
numbered for identification, cleaned in an ultrasonic bath, placed in a stainless steel holder, and
finally cleaned in a Soxhlet extractor with isopropyl alcohol. The clean filters are then mounted
in the metal holders. The equipment is shown in Figure 8, and the extractors are jliustrated in
Figure 9. A1l operations are performed in a dust-free polypropylene hood with vertical laminar
air flow.

The cleaning process described here is satisfactory for the purpuse of Lhis work. A detailed
bibliography of the numerous works on this problem is given by P. Bruce Adams [9]. In addition a
chapter on "The Cleaning of Glass” is part of the book by L. Holland "The Properties of Glass
Surfaces" [10], where this subject is discussed in depth.

Transmittance measurements are first performed on these filters after waiting several weeks for
their freshly-cleaned glass surfaces to "stabilize" and then also six months later to verify the
optical stability of the material. The filters are issued when these two sets of measurements agree
within 0.3 percent. As discussed later, this aging period is an essential condition to insure that
SRM 930 has the transmittance stability required.



Table 2. Standard Reference Materials for Spectrophotometry Provided by the National Bureau of Standards.

SRM

Material

Composition

Solid Filters

930 Solid filters made of Schott Three filters with nominal
Glass Filters for NG 4 and NG 5 optically transmittances of 10, 20, 30%.
Spectrophotometry neutral glass. Obtained from Each filter is mounted in a

the Schott-Jenaer Glaswerk, biack anodized aluminum holder

Mainz, Germany provided with front and rear
shutters. The filters are
stored in a cylindrical
aluminum container.

2030 Solid filter made of Schott One glass filter with a nominal

Glass Filter for
Transmittance

NG 5 optically neutral
glass. Obtained from the -

transmittance of 30% in a black
anodized aluminum holder with

Measurements Schott-Jenaer Glaswerk, shutters. The filter is stored
Mainz, Germany, in a wood-like plastic box.
2031 Solid filters made of semi- Three filters with nominal

Metal-on-Quartz
Filters for
Spectrophotometry

transparent evaporated
chromium-on-fused silica
(non-fluorescent) plates.

transmittances of 10, 30, 90%.
Fach filter is made from two
fused silica plates assembled
by optical contact. The 90%
filter is made by assembling 2
clear plates. The 10% and 30%
filters are made by assembling
a fused silica plate which
carries a film of semitrans-
parent chromium to produce the
desired transmittance, and a
clear plate. Each filter
assembly is placed in a metal
holder provided with shutters.

Liquids and Cuvettes

931b
Liquid Absorbance
Standards for Ultraviolet
and Visible
Spectrophotometry

Liquid filters made from a
solution of Co and Ni metals
dissolved in a mixture of
nitric-perchloric acids. The
pH of the solution is about 1.
Prepared in the NBS Center for
Analytical Chemistry.

Three solutions and a blank are
delivered in sealed ampoules
and have nominal absorbances

of 0.1 to 0.9.

935
Crystalline Potassium
Dichromate for Use as an
Ultraviolet Absorbance
Standard

Crystalline potassium
dichromate of established
purity obtained from the
J. T. Baker Chemical Co.,
Phillipsburg, New Jersey.

The crystalline material of
reagent grade purity is
offered in glass bottles
provided with plastic screw
caps.




Certification

Use

Remarks

The transmittance of each
filter is measured with the
high-accuracy spectrophotom-
eter at A 440, 465, 546.1,
590, 635 nm, using spectral
bandpasses of 2.2, 2.7, 6,5,
5.4, 6.0 nm respectively.

This SRM is intended as a
reference source for the
verification of the trans-
mittance and absorbance
scales of conventional
spectrophotometers.

The use of this SRM is limited
to the visible spectrum and
requires narrow spectral
bandpasses. For further
details, consult the
Certificate included in the
Appendix; see also NBS Special
Publication 260-51.

The transmittance of the filter
is certified as for SRM 930
but only for » 465 nm and for

a nominal transmittance of 30%.

This SRM is intended as a
reference source for one-point
verification.of the transmit-
tance or abhsarhance <cales of
spectrophotometers.

Same as for SRM 930. SRM 2030
is particularly useful in
connection with the chemical
analysis of spices. A copy of
the Certificate is included in
the Appendix.

The transmittance of each
filter is measured with the
high-accuracy spectropho-
meter at A 250, 280, 340,
360, 400, 465, 500, 546.1,
590, 635 nm.

This SRM is intended as a

- reference source for the

verification of the trans-
mittance and absorbance
scales of conventional

_spectrophotometers in the

ultraviolet and visible
spectral region.

SRM 2031 has good optical
neutrality and can be used to
calibrate spectrophotometers
with wide spectral bandpasses
from zhout 200 to 800 nm (with
possible extension to A=3 um).
For further details, consult
the Certificate in the
Appendix; see, also NBS
Special Publication 260-68.

The absorbance of each solu-
tion was measured at A 302,
395, 512, 678 nm using
spectral bandpasses of 1.0,
1.7, 2.0, 6.5 nm respectively.
The certification is made with
an uncertainty of about 21.0%.

This SRM is primarily
intended for the verification
of the accuracy of transmit-
tance or absorbance scales

of spectrophotometers.

Requires the use of SRM 932
and of narrow spectral band-
passes. Provides only one
certified value in the ultra-
violet. For further details
consult the Certificate
included in the Appendix.

The apparent specific
absorbance -is certified for
five concentrations at A 235,
257, 313, 345, 350 nm using
spectral bandpasses of 1.2,
0.8, 0.8, 0.8, 0.8 nm
respectively, using SRM 932.

This SRM is intended to be
used as a reference standard
for the verification of the
accuracy and linearity of
the absorbance scale of
spectrophotometers.

Requires accurate preparation
of solutions of potassium
dichromate in 0.001N perchlo-
ric acid. Requires the use of
SRM 932 and of narrow spectral
bandpasses. Can be used only
in the ultraviolet. For
further details, consult the
Certificate included in the
Appendix; see also NBS Special
Publication 260-54.




Table 2. continued.
SRM Material Composition
932 All-quartz cuvette made of Each cuvette is made of fused
Quartz Cuvette for non-fluorescent fused silica silica and is provided with a
Spectrophotometry of optical quality. Teflon stopper. The trans-

parent windows are attached
to the body of the cuvette by
direct fusion. The cuvettes
are stress-relieved by proper
annealing. The cuvette is
stored in a transparent
plastic container.

Stray Light

2032
Potassium Iodide for use
as a Stray Light Standard

Crystalline potassium
iodide of established
purity, obtained from the
J. T. Baker Chemical Co.,
Phillipsburg, New Jersey.

The reagent-grade, crystalline
KI is 99.8% pure as indicated
by the manufacturer. Moisture
is 0.007%. Homogeneity was
determined by absorbance
measurements at 265, 267, and
270 nm, and was found adequate.

2033
Potassium Iodide for use
as a Stray Light Standard
with Radiation Attenuator

Crystalline potassium iodide
of established purity, and two
semi-transparent evaporated
metal-on-fused silica filters
contaired in a metal holder
provided with shutters. The
KI was obtained from the

J. T. Baker Chemical Co.,
Phillipsburg, New Jersey. The
filters and the holder were
made by the NBS Instrument Shop.

Potassium iodide as for

SRM 2032. Two semi-
transparent evaporated
chromium-on-fused silica
(non-fluorescent) filters of
optical quality.

Wavelength

2009
Didymium Glass Filter for
Checking the Wavelength
Scale of Spectrophotometers

The didymium glass was
prepared by Corning Glass
Works, Corning, New York,
as Corning 5120 Filter
Glass.

Rare earth oxides in a glass
matrix. This filter is 1 cm
wide, 3 c¢cm high, and 3 mm
thick. Each filter is placed
in a metal holder which fits
into the cuvette holder of
the spectrophotometer.

2010
Didymium Glass Filter for
Checking the Wavelength
Scale of Spectrophotometers

Same as SRM 2009.

Kare earth oxides in a glass
matrix. This filter is

5.1 cm square and 3 mm
thick.

2013 :
Didymium Glass Filter for
Checking the Wavelength
Scale of Spectrophotometers

Same as SRM 2009.

Same as SRM 2009.
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Certification

Use

Remarks

The nominal inner pathlength
is 10 mm and it is certified
at 10 points along the height
of the transparent windows
with an uncertainty of
+0.0005 mm. The cuvettes are

12.5 mm square and 48 mm high.

To be used when accurate
transmittance or absorbance
measurements are made on
liquid samples. Should be
used in conjunction with
SRM's 931, 935, 2032, and
2033.

For further details, consult
the Certificate included in
the Appendix; see also NBS
Special Publication 260-32.

The specific absorbances were
measured with the high-

accuracy spectrophotometer at
240, 245, 250, 255, 265, 270,

and 275 nm and 23.5 °C using a

spectral bandpass of 0.2 nm.

The measurements were performed
using SRM 932 quartz cuvettes.

SRM 2032 is to be used to
assess heterochromatic stray
Tight in the ultraviolet
region below 260 nm, in
absorption spectrophotom-
eters. It is recommended
that SRM 932 be used in

the measurements.

SRM 2032 should be stored in
the original. low-actinic
glass bottle and cardboard
container, protected from
exposure to light and
humidity. The estimated
stability .is 3 years.

Same as for SRM 2032. The
transmittance of the
evaporated metal-on-fused
silica filters was measured
at 255 nm with the high-
accuracy spectrophotometer.
The nominal value is 10% for
each filter, and a combined
value of 1%.

SRM 2033 is to be used to
assess heterochromatic and
isochromatic stray light in

absorption spectrophotometers.

Same as for SRM 2032. The
two semi-transparent
evaporated metal-on-fused
silica filters in the metal
holder should be stored in’
the plastic container
provided with SRM 2033.

The wavelengths of maximum
absorption were determined
with a high-precision spec-
trophotometer for bandwidths
in the range 1.5 to 10.5 nm
and for 14 to 24 wavelengths
in the range 400 to 760 nm.
The instrument has a wave-
length accuracy of 0.04 nm.

The filters are to be used

in calibrating the wavelength
scale in the visible spectral
region for spectrophotometers
having nominal bandwidths in

the range 1.5 to 10.5 nm.

SRM 2009 was not measured
individually. It is
recomnended for most
applications. For further
details, consult NBS Special
Publication 260-66.

Same as SRM 2009.

Same as SRM 2009.

Same as SRM 2009.

Each filter was measured
separatelys hence the data
provide a more accurate
representation of the
optical properties of the
individual filter.

Same as SRM 2009

SRM 2013 was measured individ-
ually and should be used when
assurance in the evaluation of
an instrument's wavelength
scale is highly critical. For
further details, consult NBS
Special Publication 260-66.

n



Table 2. continued.

SRM Material Composition
2014 Same as SRM 2009 Same as SRM 2009.
Didymium Glass Filter for
Checking the Wavelength
Scale of Spectrophotometers
2034 Holmium oxide of Holmium oxide is to be
Holmijum Oxide for use as established purity . offered in solutions in
Wavelength Standard in dissolved in perchloric sealed 10 mm quartz
Spectrophotometry and acid. cuvettes.
Fluorescence Spectrometry.
(Planned SRM)
Fluorescence
936 The quinine sulfate dihydrate SRM 936 contains 1.7%
Quinine Sulfate was a special lot of material impurities determined by
Dihydrate obtained from J. T. Baker liquid chromatoaraphy and
Chemical Co., Phillipsburg, believed to be dihydroquinine
New Jersey. sulfate dihydrate. The water
content is 4.74+0.05%
determined by the Karl Fisher
method and 4.57+0.04% by
weight loss. Theoretical
value is 4.60%.
NOTE: For further scientific information concerning the following Standard Reference Materials,

write or call at the National Bureau of Standards, Washington, D. C. 20234: SRM's 930;
931; 832; 935; 2030; 2031; 2032; and 2033: Dr. R. W. Burke, Inorganic Analytical
Research Division, Chemistry Building, Room B-216. Phone: 301-921-2141. SRM 936:
Dr. R. A. Velapoildi, Deputy Director, Center for Analytical Chemistry, Chemistry Building,
Room A-311. Phone: 301-921-2852. SRM's 2009; 2010; 2013; and 2014: Mr. K. L. Eckerle,
Radiometric Physics Division, Center for Radiation Research, Metrology Building, Room
A-321. Phone: 301-921-2791; for Scientific infurmation councerning physical parameters
involved in spectrophotometry and luminescence measurements Dr. K. D. Mielenz, Chief,
Radiometric Physics Division, Center for Radiation Research, Metrology Building, Room
B-304. Phone: 301-921-3864.

For information concerning the availability and purchase of the SRM's discussed in this
paper contact: Mr. R. W. Seward, Technical Representative, Office of Standard Reference
Materials, Chemistry Building, Room B-313. Phone: 301-921-2045. The NBS Publication
discussed in this paper can be purchased from the: Superintendent of Documents, U.S.
Government Printing Office, Washington, D. C. 20034. Please write for information
concerning availability, delivery, and price.
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Certification

Use

Remarks

Same as SRM 2013.

Same as SRM 2009.

Same as SRM 2013.

The wavelengths of maximum
absorption of holmium oxide
solutions in perchloric
acid will be determined for
various spectral bandpasses
at the nominal wavelengths;
279, 288, 338, 361, 386,
418, 453, 536, 637 nm.

This SRM is to be used as a
reference standard for the
verification of the accuracy
of the wavelength scale of
absorption and fluorescence
spectrometers, in the ultra-
violet and visible spectral
regions.

Holmium oxide solutions in
perchloric acid were selected
as a wavelength standard
because the absorption bands
are narrower than those of the
holmium oxide glass. The use
of solutions in conjunction
with a diffusing screen
(Tefion) placed at 45° in the
10 mm cuvette permits the use
of SRM 2034 for the wavelength
calibration of fluorescence
spectrometers. The issuance
of SRM 2034 is projected for
the near future.

The material is certified for
the relative molecular emis-
sion spectrum E(1), in radio-
metric units for a solution of
1.28 x 107 mol/L in 0.105
mol/L perchloric acid, using
an excitation wavelength of
347.5 nm. The certified
values of the molecular emis-
sion spectrum at 5 nm
intervals from 375 to 675 nm
are given. This certification
was made with the NBS reference
fluorescence spectrometer.

For evaluation of methods and
the calibration of fluores-
cence spectrometers. A
solution of 0.1 mg/mL in

1000 mL 0.105 mol/L perchloric
chloric acid is recommended.
It should be stored in the
dark in a well-stoppered
glass bottle. This solution
is stable for three months.
SRM 936 is for "in vitro"
diagnostic use only.

The material should be kept in
its original bottle and stored
in the dark at 30 °C or less.
Under these conditions SRM 936
is stable for three years.

‘See NBS Special Publication

260-64.
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Figure 6. Illustration of SRM 930, Glass Filters for Spectrophotometry, showing one of the
three glass filters, the metal holder with its two plastic shutters, and the
retaining spring with its nylon screw and washer. A fourth empty filter holder
is provided, and the four holders are stored in the cylindrical metal container.

o

Figure 7. Details of the filter holder. From left to right: front and rear view of the
holder body; retaining spring and nylon screw with washer; glass filter; plastic
shutters; the holder with the front and rear shutters on; and the filter with
both shutters closed.

14
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filter holders and tools are placed

and mount the glass filters that constitute SRM 930.

binocular microscope, the ultrasonic cleaner and the various
an al’-polypropylene hood provided with a vertical air flow.

Instrumentation used to examine, clean,

Figure 8.
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2.2.2. SRM 2030

Another glass filter standard is SRM 2030 which is derived from SRM 930. This material,
illustrated in Figure 10, is made of only one glass. filter calibrated at only one wavelength, namely
465 nm (SBP 2.7 nm). SRM 2030 was jssued at the request of the spice industry which uses it as a
reference standard in the methods used for determining the quality of various spice extracts. The
use of this SRM has decreased the uncertainty of the spectrophotometric analyses from about 10
percent to 2 to 3 percent.

Figure 10. Illustration of SRM 2030 consisting of one glass filter Schott NG-5 in its metal
holder provided with the removable front and rear shutters, and an empty filter
holder, in the storage box.

. 2.2.2.1. Monitoring the Stability of Spectrophotometers

The short and long term stability of a spectrophotometer is directly related to its overall
design and construction. For many modern commercial instruments, the short term. (day-to-day)
variation in transmittance (T) does not exceed 5 x 10=%4. This variability corresponds to an absor-
bance (A) variability of 2 x 10-3 at T=0.1 (A=1) and to a AA of 3 x 10-% at T = 0.8 (A= 0.1).
For a longer term, namely, month-to-month, the spectrophotometer may exhibit results that indicate a
gradual shift in performance outside of these 1imits. This shift is indicative of aging, wear, and
deterioration of the instrument's various optical, mechanical, and electronic components and should
be monitored periodically. Any abrupt change in the spectrometer's performance indicates a malfunc-
tion and corrective action should be taken immediately. Corrective action should also be taken
whenever cummulative gradual changes are sufficient that the performance of the instrument is outside
of the manufacturers' specifications.

The recommended way to monitor the short and long term stability of a spectrophotometer is by
construction of a control chart. The essential requirement for such a control chart is the avail-
ability of a stable standard. Of the several types, the most convenient are glass filters, specially
seleclted for their stability. Of the several kinds uf ylasses Lhat can be used, the SRM 930 type is
the most suitable for general .purposes. The chart is constructed by making transmittance measure-
ments at several well-spaced wavelengths and plotting the results on the ordinate and the date on
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which the measurements were made on the abscissa. Measurements should be performed daily. Addi-
tional data which should be recorded at the time of measurement are the slit width and the
temperature.

A control chart for one of the precision spectrophotometers in the Center for Analytical Chem-
istry at NBS is shown in Figure 11. The upper piot (a) was obtained from measurements taken at
635.0 nm and the lower plot (b) from measurements taken at 590.0 nm.  An examination of these data -
shows that the stability of this instrument varied during the period of October 22 to February 5 from
32.17 to 32.28 percent T with an average of 32.23 percent T at 635.0 nm. At 590.0 nm the correspond-
ing values were 30.79 and 30.90 percent T with an average of 30.85 percent T. For each wavelength,
the spread is 0.11 percent 7. This spread results from the inherent instability of the spectro-
photometer and of the glass filters used. The performance of this spectrophotometer changed
markedly on February 8 when a transmittance of 31.94 and 30.59 were obtained at 635.0 and 590.0 nm,
respectively. Since these values were well outside the spread for this instrument, the manufacturer's
service representative was consulted. An examination of the spectrophotometer revealed that a
potentiometer was malfunctioning and this part was replaced. The spectrophotometer was checked again
on February 18 and the transmittance values, measured on the same glass filters, were within the
spread previously established for the instrument. The periodic verification of the stability of
spectrophotometers as described above and illustrated in Figure 11 should be used in analytical
laboratories on a routine basis. A control chart, in conjunction with corresponding slit width data,

provides an excellent diagnostic check when an instrument should be serviced or a particular
component replaced.

AT WAVELENGTH 635.0 nm AND 24.0°C
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Figure 11. Control chart for a precision spectrophotometer showing the variation of trans-

mittance with time for a Schott NG-5 neutral glass filter at 635.0 nm (a) and
590.0 nm (b).
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2.2.2.2. Stability of Glass Filters

0f the many characteristics of these glass filters, only two will be mentioned here. Briefly,
these are the stability of the transmittance and the capability of these transmittance mcasuremente
to be transmitted to other laboratories. These properties are obviously of major sigmificance not
only in relation to these standards, but for any type of transfer standards.

Several sets of SRM 930 :were tested over a period of 10 years, during which transmittance
measurements were performed at ‘selected time intervals and at four to five wavelengths in the visible
spectral range. The data from Table 3 jllustrate the results obtained over a 5 year time span,

indicating good stability, with a variation in transmittance not exceeding 0.3 percent.

Similar

results have been observed during the 10 years that such measurements have been made.

Table 3. Stability of Transmittance (T) as a Function of Time, Measured on SRM 930.

------- Percent T - - - = - - -
Wavelength
nm 1 2 3 Date
32.87 19.80 11.59 5-18-71
32.88 19.83 11.62 7-12-72
32.91 19.81 11.59 8-30-73
440.0 32.96 19.84 11.61 11-16-73
32.98 19.84 11.62 1- 9-74
32.94 19.84 11.61 8- 1-74
32.95 19.84 11.62 1-13-75
35.53 22.59 13.56 5-18-71
35.54 22.62 13.59 7-12-72
35.54 22.62 13.59 8-30-73
465.0 - 35.62 22.62 13.58 11-16-73
35.63 22.63 13.58 1- 9-74
35.60 22.62 13.57 8- 1-74
35.60 22.62 13.58 1-13-75
31.13 19.16 10.37 5-18-71
31.14 19.20 10.41 7-12-72
31.14 19.20 10.41 8-30-73
590.0 31.21 19.19 10.40 11-16-73
31.21 19.20 1041 1- 9-74
31.18 19.20 10.40 8- 1-74
31.19 19.20 10.41 1-13-75
32.55 20.60 11.37 5-18-71
32.59 20.65 11.39 7-12-72
32.59 20.65 11.39 8-30-73
635.0 32.66 20.65 11.40 11-16-73
32.68 20.67 11.41 1- 9-74
32.63 20.66 11.41 8- 1-74
32.64 20.66 11.40 1-13-75

Interlaboratory comparisons ot the transmittance ot SKM Y30 were made on the two high-accuracy
spectrophotometers at NBS. The results given in Table 4 show that such measurements can be performed

within the uncertainty of the instrumental measuring capability.

Similarly, measurements made by

NBS and by the NPL exhibited a high degree of agreement as illustrated in Table 5.
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Table 4. Transmittance of a Set of SRM 930 at Two Wavelengths Obtained Using the Center for
Analytical Chemistry (CAC) and the Center for Radiation Research (CRR) -High-Accuracy
Spectrophotometers. The difference, A(CRR), is the difference in transmittance measured by
i1luminating the filters with polarized radiation having the electric vector - in either
the horizontal or vertical directions.

--------------- Transmittance = = = = = = = = = = = - - - -

Nominal 30% Filter Nominal 20% Filter Nominal 10% Filter
Wavelength ‘
nm 465 546.1 ' 465 546.1 465 546.1
Instrument
CAC 0.3427 0.3280 ~0.7980 0.1840 0.1120 0.1014
CRR 0.3430 0.3284 0.1983 0.1844 0.1121 0.1015
A(CRR) -0.00002 -0.00007 -0.00008 -0.00005 -0.00001 -0.00002

Table 5. Comparison Between the Percent Transmittances (%T) Measured
on Three Schott NG-4 Glass Filters at NPL and NBS.

Relative
Wavelength Difference
nm NBS, %T NPL, %T NBS - NPL, %

440.0 12.92 12.93 -0.07
465.0 14.97 15.01 -0.27
£90.0 1.67 11.67 0.0
635.0 12.70 12.72 -0.16
440.0 19.60 19.62 -0.10
465.0 22.37 22.43 -0.27
£90.0 19,01 19.01 0.0
635.0 2041 20.47 -0.29
440.0 32.88 32.98 -0.12
465.0 35.53 35.66 -0.36
15900 31.13 31.21 -0.26
635.0 32.54 32.62 -0.25

Averaye difference between NBS and NPL percent T values = -0.19 percent.

A1l the measurements discussed thus far indicate clearly that the glass filters can be used as a
secondary transfer optical transmittance standard with an uncertainty of <0.5 percent. .However, we
would 1like to mention, briefly, a case where the glass material exhibited a greater instability
[11]. This incident was recorded on several sets of SRM 930b where an instability with time of about
twice the certified uncertainty was observed. This instability was traced to the initial grinding
and polishing operation of the glass material by the manufacturer. The problem was eliminated by
fine grinding and polishing, and by aging the material in our laboratory for at least six months
before its issuance as an SRM. Further information concerning the stability of the optical
transmittance of glass filters will be found in a paper by W. R. Blevin [12]. The influence of
temperature on the transmittance of glass filters is discussed by A. T. Young [13].

The usefulness of glass filters has been established by the fact that they are used by several
manufacturers of spectrophotometers to establish and monitor the accuracy of the transmittance scale
of their instruments. To date, about 1000 sets of SRM 930 are in use in this country and abroad.
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2.2.3. SRM 931

The limitations of SRM 930 are due to the nature of the glass material which can be used only
in the visible spectral range from about 440-700 nm. The need for a material that can be used in the
ultraviolet led to the development of the new SRM [14] described below.

SRM 931, illustrated in Figure 12, is a liquid filter consisting of three vials containing a
solution of nickel, cobalt, and nitrate ion in dilute perchloric acid and a fourth vial containing
only dilute perchloric acid for use as the blank solution. The contents of these vials are trans-
ferred to quartz cuvettes with a known radiation pathlength and the transmittances are measured for
the three concentrations at 302, 395, 512, and 678 nm using the spectral bandpasses indicated in the
certificate. These transmittance values are certified with an uncertainty of 1 percent. SRM 931 has
been available from NBS since late 1971, and to date, about 1,050 sets have been sold. Since the use
of this 1liquid SRM requ1res the ava11ab111ty of - cuvettes w1th a known radiation pathlength, NBS
issued a reference cuvette standard (SRM 932) in 1973.

Figure 12. I]1ustration of SRM 931, Lliquid Absorbance Standard; SRM 935, Crystalline Potas-
sium Dichromate Ultraviolet Absorbance Standard; and SRM 932, Quartz Cuvette for
Spectrophotometry.

2.2.4. SRM 932

This SRM is illustrated in Figure 13 where it can be seen that the all-fused silica cuvette is
made from a rectangular fused silica structure from which segments were cut, ground, and polished as
close as possible to 10 mm. Each segment was measured with an uncertainty of 0.5 um with the instru-
ment shown in Figure 14, and to each face a fused silica window was attached by fusion. Each window
is 1.5 mm thick and is flat to 2-3 fringes of mercury green line (546.1 nm) and parallel to 0.002 mm.
Each cuvette is provided with a Teflon stopper. The fused silica material is of optical quality and
nonfluorescent [15].
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Figure 13. Illustration of SRM 932 Quartz Cuvettes for Spectrophotometry;
showing the fused silica material and parts used for construct-
ing the cuvettes for high-accuracy measurements.

The radiation pathlength is measured at 10 positions along the cuvette with a mechanical instru-
ment provided with an electronic lever-type gauge having a resolution of 0.123 pm. The actual usable
resolution, however, is 0.312 pm. Figure 15 illustrates this measuring instrument. At the time of
calibration, the cuvette pathlengths are certified with an uncertainty of 0.5 pm. The first 100
cuvettes were made in the Glass Shop at NBS. Subsequently, cuvettes were made by a commercial
manufacturer following the procedures and specifications established at NBS. A1l are certified by
NBS from measurements made in the Mechanical Processes Division in the Metrology Center.

2.2.5. SRM 935

The use of SRM 931 as an ultraviolet standard is limited to a wavelength of 302 nm. Since
numerous measurements below this wavelength are performed in many analytical laboratories, an
additional material was selected, studied, and finally issued as an SRM for ultraviolet spectro-
photometry. This material dis crystalline potassium dichromate dissolved in 0.001 N perchloric
acid, and is issued as SRM 935.

This material provides the user with five certified absorbance values in the ultraviolet, and
can be used for absorbance linearity verifications at wavelengths near two isosbestic wavelengths,
namely 322-323 nm and 345-346 nm. At these points the two chemical species, HCr0; and its dimer
Cr,07, present in the dilute perchloric acid solutions of K,Cr,0;, exhibit the same absorptivity.

The wavelength recommended for absorbance linearity measurements is 345 nm where the apparent
specific absorbances of the material are sufficiently independent of concentration that absorbance
measurements at this wavelength can be used for verifying the absorbance linearity to about one part
in a thousand [16].

It is appropriate to remind spectrophotometrists that absorbance linearity should not be
equated with transmittance accuracy. Indeed, as discussed by F. J. J. Clarke "the absorbance
linearity or obedience to Beer's law, establishes only that the photoelectronic system obeys a simple
power law, not that the power (exponent) is exactly unity" [5]. It must also be kept in mind that,
theoretically, Beer's law is valid only at infinite dilutions.
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Figure 15. General view of the standard.instrument used to measure the radiation
pathlength of assembled cuvettes.



The crystalline potassium dichromate, of known purity and homogeneity, is issued in a non-
actinic brown glass bottle where it should be kept at room temperature at all times. This SRM is
illustrated in Figure 12. In certifying this material, solutions were prepared in 0.001 N perchloric
acid and certified for their apparent specific absorbance at five concentrations.between 0.020 to
0.700 g - kg™! and at wavelengths of 235, 257, 313, 345, and 350 nm. Fused silica cuvettes with a
nominal radiation pathlength of 10 mm and known to 0.5 pm were used in all measurements. The term
"apparent" is used throughout both the certificate and the NBS SP260-54 publication to indicate that
the values are not corrected for the effect of internal multiple reflections within the cuvette, nor
have the weights been corrected to vacuum. The accurate specific absorbances of acidic potassium
dichromate solutions, corrected for these two parameters are given in Reference 16. Since the
radiation pathlength of the cuvettes is a critical factor in the measurements, it is recommended
that the NBS certified fused silica cuvettes SRM 932 be used with this SRM 935. The uncertainty
in the apparent specific absorbance ranged from 0.034 g - kg~! at the lowest concentration to
0.010 g - kg™ at the higher concentration.

2.2.6. Limitations of SRM's 930, 931, and 935

While each of the SRM's described thus far are useful and have positive qualities, they suffer
from certain inherent limitations. The glass filters, SRM 930, can be used only in the visible
spectral range; liquid standard SRM 931 provides only one calibration point in the ultraviolet; and
the potassium dichromate, SRM 935, requires that accurate solutions be prepared, and that cuvettes
with accurate radiation pathlength be available. Furthermore, this material is useful for providing
calihration data only in the ultraviolet. In addition, a common limitation of these SRM's, is that
they require the use of spectrophotometers capable of providing narrow spectral bandpasses.

2.2.7. SRM 2031

To eliminate these Timitations, a number of materials were studied to determine their usefulness
as transmittance SRM's that could be used in the ultraviolet and visible spectral regions with )ittle
dependence on spectral bandpass, and could be used directly without any laboratory preparation. The
material finally selected was the semitransparent evaporated metal-on-fused silica filters. Although
this material was available from the early stage of the project, the problem of protecting the
exposed surface of the metal layer from deleterious environmental action had to be solved before
further work could be undertaken to determine the suitability of this material as a transmittance
SRM [17]. The protection of the exposed metal semitransparent layer was achieved by covering the
surface with a clear fused silica plate applied by optical contact. Under these circumstances the
fused silica plate carrying the evaporated metal layer with the clear plate behave optically as if
they were a single solid semitransparent block. A detailed study was undertaken to assess the
optical transmittance properties such as: spectral transmittance, stability, scatter, polarization,
uniformity, position dependence, aging, capability of interlaboratory exchange of measurements.
Based on the results obtained in this study, the material was issued as an SRM for ultraviolet and
visible spectrophotometry, and is illustrated in Figure 16.

The standard consists of three filters, all made from nonfluorescent, optical grade fused
silica material. Two of the filters are made from a sandwich of two fused silica plates, each 1.5 mm
thick, one plate carrying the semitransparent evaporated metal layer, while the other plate is
transparent. The plates are ground and polished to achieve optical contact. The third filter is
made from a single plate of transparent material 3 mm thick. The filters have a nominal transmit-
tance of 10, 30, and 90 percent. They are mounted in metal holders provided with plastic shutters
for mechanical protection. A metal cylindrical box is used to store the filters, and an additional

empty filter holder is provided to be used in the reference beam of the spectrophotometer, to insure
that identical measurement conditions are achieved.

This SRM is usually certified at the following 10 wavelengths: 250, 280, 340, 360, 400, 465,

500, 546.1, 590, and 635 nm.. Transmissions at additional or different wavelengths can be provided
on request. The uncertainty of the certified transmittance is 1.0 percent.
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Figure 16. Illustration of SRM 2031, Metal-on-Quartz Filters for Spectrophotometry. Top:
Cylindrical container with screw cap, both made of black anodized aluminum alloy.
Four filter holders can be stored in the container. Bottom: (from left to
right): Aluminum alloy filter holder; metal-on-fused silica filter; retaining
spring with nylon screw and washer; assembled unit and two plastic shutters. A1l
metal and plastic parts are flat black.

0f the numerous tests performed on this SRM, only the measurements performed by K. Eckerle at
NBS using the high-accuracy spectrophotometer in the Center for Radiation Research will be described.
From the data in-Tables 6 and 7 it can be concluded that, within the experimental measuring condi-
tions, there is no significant change of transmittance due to scatter. The material is homogenous
and no polarization effect could be detected. Results of interlaboratory measurements on the same
filters by NBS and the Naval Weapons Center are ijllustrated in Table 8 which shows that the
comparative transmittance could be achieved with an uncertainty similar to that of the performance
of the instruments themselves.
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Table 7. Measurement ofaScatter, Homogeneity, and Polarization on Three Inconel-on-Fused-
Silica Filters™.

(x, ¥) Q T(0°) ATR(0°) T(90°) ATR(9O°) T(AVE) .ATR(AVE)

#20 Filter 1

(+1,0) 0.0045 0.10807 0.000018 ~- -- -- --
(-1,0) 0.0045 0.10798 0.000009 -- : -- -- --
(0,0) 0.0045 0.10805 0.000013 0.10841 6.000020 0.10823 0.000012
(0,0) 0.0012 0.10801 0.000027 0.10840 0.000020 0.10821 0.000017
(0,0) 0.014 0.10799 0.000010 0.10831 0.000013 0.10815 0. 000008
#20 Filter 2
(+1,0) 0.0045 0.32089 0.000035 -- -- -- -
(-1,0) 0.0045 0.32050 0.000037 -- -- -- --
(0,0) 0.0045 0.32066 0.000046 0.32092 0.000030 0.32081 0.000027
(0,0) 0.0012 0.32069 0.000039 0.32079 0.000045 0.32073 0.000030
(0,0) 0.0014 0.32045 0.000047 0.32050 0.000057 0.32047 0.000037
#20 Filter 3
(+1,0) 0.0045 0.93139 0.000118 -- -- -- -
(-1,0) 0.0045 0.93160 0.000096 -- -- - --
(0,0) 0.0045 0.93131 0.000067 0.93125 0.000064 0.93128 0.000046
(0,0) 0.0012 0.93107 0.000122 0.93095 0.000039 0.93101 0.000064
(0,0) 0.014 0.93089 0.000041 0.93076 0.000080 0.93083 0.000045

3NOTE: A1l measurements were performed at A546.1 nm. The quantities (x,y) are the coordinates of the
center of the illuminating spot with respect to the center of the filter in millimeters when looking
in the direction of the source. The parameter, Q, is the approximate solid angle in steradians. The
quantities T(0°). T(90°), and T(AVE) are the transmittances for the electric vector of the illumi-
nating radiation horizontal, vertical, and average of horizontal and vertical, respectively, measured
at A546.1 nm. Their respective standard errors are ATR(0°), ATR(90°), and ATR(AVE). ‘The radiation

scatter measurements were made by determining the transmittance of the filters successively at
distances from the averaging sphere of 210 mm, 370 mm, and 715 mm corresponding to angles of about
0.074, 0.0045, and 0.0012 steradians, respectively. The diameter of the circular entrance aperture
at the averaging sphere was 28 mm. The transmittance measurements to assess the uniformity of the
filters were made at a constant angle of 0.0045 steradians.
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Table 8. Comparative Measurements of Transmittance on Inconel-on-Fused Silica Filters in the
Ultraviolet and Visible from 250 nm to 635 nm at NBS and at Naval Weapons Center (NWC).

Transmittance, Percent

Filter )
No. Lab. 250 300 340 400 440 465 500 546.1 590 635
NBS 1.492 1.844 ‘3.899 1.973 2.083 2.1 2.318 2.540 2.750 2.956
45 -
NWC 1.501 1.837 1.884 1.953 2.070 2.158 2.317 2.552 2.755 2.958
NBS  21.49 21.39 20.46 19.05 18.45 18.20 18.01 17.94 17.98 18.07
46
NWC  21.50 21.37 20.39 19.04 18.38 18.19 18.06 17.99 17.92%  18.10
NBS 28.73 29.96 30.24 29.99 29.70 29.56 29.44 29.41 29.45 29.55
47
NWC 28.80 29.89 30.23 29.95 29.68 29.55 29.45 29.42 29.43 2948
NBS  91.25 92.28 92.64 92.91 83.00 93.04 93.10 93.15 93.19 93.22
48

NwC 91. 21 92.22 92.59 92.90 92.98 93.01 93.14 93.19 93.21 93.24

8value corrected as indicated in J. M. Bennett communication.

2.2.8. SRM's 2009, 2010, 2013, and 2014

The SRM's discussed thus far are intended to verify the accuracy of transmittance measurements
and the radiation lightpath. Certified materials to verify the wavelength accuracy and to assess
the stray radiant energy are also available from NBS. '

The SRM's for verifying the wavelength accuracy of conventional spectrophotometers are SRM's
2009, 2010, 2013, and 2014. They were calibrated by Venable and Eckerle of the NBS Center for
Radiation Research [18]. Each of these standards consist of a didymium glass filter having a
nominal spectral transmittance shown in Figure 17. These filters are produced in two nominal
sizes: 51 mm x 51 mm x 3 mm thick and 10 mm x 30 mm x 3 mm thick. They are mounted in a metal
holder that fits into the cuvette holder of the spectrophotometer. They are individually calibrated
(SRM's 2013 and 2014) or batch calibrated (SRM's 2009 and 2010), and, depending on the accuracy
desired, one or the other SRM should be used. The spectral bandpass-wavelength dependence is
described in detail in the certificate that accompanies each standard. The 14 to 24 certified

wavelengths are in the spectral range 400-760 nm and are given for spectral bandpasses from
1.5-10.5 nm.

2.2.9. SRM's 2032 and 2033

An instrumental parameter that can measurably affect the accuracy of transmittance is the stray
radiant energy (SRE) or stray light. This can be defined generally as unwanted radiation that is
measured by the photodetector, and contributes to the degradation of optical transmittance measure-
ments, and Lo the reduction of specificity, sensilivity, and linearity ouf absurbance measurements.
Two major types of SRE can be identified: heterochromatic and isochromatic. The former originates
in the spectrophotometer and can be defined as radiation transmitted by the spectrometer that is of
a wavelength different from the spectral bandpass for which the instrument was set. The latter
originates in the sample compartment and can be defined as radiation of the same wavelength as that
which falls on the sample, but reaches the photodetector of the spectrophotometer without passing
through the analytical sample.

From these simple definitions it might be concluded that both stray lights can be assessed
easily.  Unfortunately, this is not the case. Actually, the accurate measurement of stray light is
subject to ambiguity and is difficult to define and measure. This situation is discussed in some
- detail in an NBS Special Publication, "Stray Radiant Energy in Ultraviolet Molecular Absorption
Spectrophotometry, SRM's 2032 and 2033", R. Mavrodineanu and R. W. Burke (in press).
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Figure 17. Transmittance of a didymium glass filter recorded at the Corning Glass Works.
The spectral bandpass used is marked at the corresponding transmittance minimum.

At this time, two SRM's (SRM's 2032 and 2033) are available to assess both the heterochromatic
and isochromatic stray 1ight. Heterochromatic stray light can be measured by using a variety of
techniques, including the blocking optical filters, and this approach was selected to produce SRM
2032. This material consists of crystalline potassium iodide of reagent-grade purity which has
sharp cutoff absorption near 260 nm, and can be used to assess the stray 1ight below this wave-
Tength. Solutions from this compound were certified for their specific absorbances at eight
wavelengths from 240-275 nm in increments of 5 nm with an uncertainty of 5 percent. The measurement
consists of setting the spectrometer at a wavelength below 260 nm, say 255 nm, and any appreciable
amount of 1ight detected is heterochromatic stray light.

Isochromatic stray 1ight can be assessed with the help of SRM 2033. This material consists of

two filters made from a semitransparent evaporated metal on a fused silica substrate each of which
has a nominal transmittance of 10 percent. One filter is mounted in a metal holder that can be
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inserted in the sample compartment of the spectrophotometer. This holder is provided with a front
and rear shutter, one of which has a window in which the second filter is mounted, as illustrated in
Figure 18. This system is used to assess the maximum isochromatic stray light in the sample com-
partment that results from reflections of Lhe incident radiation at the surfaces of the sample and
various optical components and reaches the photodetector without passing through the sample.

e,
;

Figure 18. Illustration of the radiation attenuator consisting of a metal filter holder
provided with a filter made of a semitransparent evaporated metal-on-fused silica
plate. Two plastic shutters are also shown, one is provided with a second filter
consisting of a semitransparent evaporated metal-on-fused silica plate. Each
filter has a nominal transmittance of 10 percent. The other shutter is opaque.
The unit is stored in the plastic container shown in the figure.

31



The measurement is performed by placing this unit in the sample beam of the spectrophotometer
with the opaque shutter at the rear of the filter holder. Under these conditions, if a signal is
detected, it is caused by reflections at the surface of the filter exposed to the incident radiation.
This radiation is scattered from the walls and other components of the sample compartment and reaches
the photodetector without passing through the sample. This signal is the isochromatic stray light.

Before concluding this summary description of the SRM's developed at NBS in the field of spec-
trophotometry, we would Tike- to mention the availability of an SRM for fluorescence measurements.
This material, SRM 936, quinine sulfate dihydrate is certified for the relative molecular emission
spectrum in radiometric units: from 375-675 nm at 5 nm intervals. The certification was made by
R. A. Velapoldi and K. D. Mielenz using a specially developed reference fluorescence spectrometer
built by K. D. Mielenz [19,20]. '

3. Future Developments in the Field of SRM's for Spectrophotometry

The program at NBS for the continuation of basic research in the field of high-accuracy spectro-
photometry and for production of other SRM's in this field is active, and the following projects are
presently being considered:

- Production of a wavelength standard having reference values in the ultraviolet and having
sharper absorption peaks, such as those exhibited by holmium oxide solutions in perchloric
acid.

— Basic study on the nature and measurements of stray radiant energy, and development of addi-
tional SRM's in this field, extending the assessment of this parameter closer to the visible,
i.e., 400 nm.

— Extending the certification of solid or liquid transmittance standards into the near-infrared
spectral region. This will require the extension of the measuring capabilities of the NBS
high-accuracy spectrophotometers into the near-infrared to 3 pm.

The implementation of these and other projects in this field depends on the availability of
resources and the demand from the users of spectrophotometers.

4. Transmittance Transfer Standards from the National Physical Laboratory in Great Britain

The National Physical Laboratory in Teddington, Great Britain, is issuing on a regular basis
semitransparent evaporated metal filters’on fused silica substrates as transfer standards in the
ultraviolet, visible, and near-infrared spectral range. The metal used is a specially selected
nichrome alloy. These filters are certified at any selected densities over this spectral range as
required by the user. The exposed metal surface of these filters is not protected. Neutral optical
glasses of the Schott NG type are also available for work in the visible spectral range, and those
available from stock have nominal absorbances of 0.04, 0.15, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, and
3.0.

To preserve the integrity of the transmittance values certified for the metal-on-fused silica
filters, NPL recommends recertification on an annual basis, and every 2 or 3 years for the neutral
glass filters. This information was transmitted to us through a personal letter from
F. J. J. Clarke, and through a paper published by F. J. J. Clarke, M. J. Downs, and W. McGivern
[21].
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PART TWO
5. Spectrometric Applications

Ultraviolet and visible spectrophotometry continues to be used extensively for the chemical
characterization of numerous types of materials. Today, as in the past, practitally-all of 'the:
measurements used for chemical analyses are made on liquid samples. for these measurements to be
meaningful and the compositions subsequently calculated to be accurate, proper attention must be
given in general to the operational aspects of the technique and, specifically, to the selectivity
of the method used. Recommendations involving the cuvette and the importance of maintaining good
temperature control of the sample during measurement are presented in the two sections that immedi-
ately follow. These discussions are followed by concise descriptions of several spectrophotometric
methods that have been in use at NBS for a number of years and are cited here because of their high
selectivity.

6. Experimental
6.1. Cuvettes

The proper selection, care, use, and manipulation of cuvettes is one of the most overlooked
operations in the spectrophotomelric measuremenl process. Improper handling of the sample cuvette
has, in many instances, undoubtedly contributed to the uncertainty of the results. A recent paper
by Rothman et al., [22] has shown that the imprecision of cuvette positioning can be the limiting
factor in making precise measurements.

The manufacturers have done a commendable job in making available quality cuvettes at a modest,
cost. It is the users' responsibility to avoid any operations that might degrade this quality. The
rectangular, nonfluorescent, fused quartz cuvette with fused edges and a tightly-fitting circular
stopper, preferably made from tetrafluoroethylene polymer, is the most desirable and useful type.
Upon purchase of a new cuvette, the user should immediately engrave a permanent mark on its side
near the top so that measurements are always made with the same orientation of the cuvette in its
holder.

Numerous procedures have been used for cleaning cuvettes. These inciude dilute hydrochloric
acid, mild detergent in water, water and alcohol, ethanol-nitric acid, sulfuric acid, and sulfuric
acid containing potassium dichromate or potassium permanganate. For most applications, our experi-
ence has been that the use of distilled water and ethanol is generally adequate, especially if the
cuvette is emptied and cleaned immediately after use. If a stronger cleaning measure is required,
immersing the cuvette in either concentrated or, on occasion, fuming sulfuric acid is preferred.
Recently, Goddard [23] has recommended a hot solution of trisodium orthophosphate as providing the
most satisfactory and practical cleaning of cuvettes for use in the ultraviolet (see also reference
10).

As regards cuvette positioning, highest precision is obtained when the cuvette is placed in the
sample holider within the sample compartment of the spectrophotometer and left in that holder until a
set of absorbance measurements on a series of standards and samplie solutions has been completed.
For transferring solutions to and from the cuvette, the Pasteur-type, disposable pipettes have been
found to be most useful. Both soft and borosilicate glass pipettes are widely available. 1In
general, the soft glass type should not be used since their surface is sufficiently alkaline to
affect the absorbance of pH-sensitive solutions [24]. A1l measurements are made relative to air
and the absorbance of the sample is determined by subtracting the apparent absorbance of the blank
from the solution value. The data in Table 9 illustrate the typical sequence of measurements and
the level of precision obtainable on the NBS high-accuracy spectrophotometer. The measurements
were made on a set of acidic potassium dichromate solutions used in the certification of the
crystalline salt as an SRM [16]. )
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Table 9. Reproducibility of Absorbance Measurements at 235 nm for a Cycle of Solvent and
Sample Runs. '

Solvent, Sample, Sample, Solvent,
Cuvette No. after 5 rinses after 5 rinses after 7 rinses after 5 rinses
14 0.05198 0.30128 0.30141 ' 0.05213
16 0.05099 0.55052 0.55057 0.05093
18 0.05310 0.80066 0.80074 0.05321
25 0:05002 1.04863 1.04855 0.05022
26 0.05064 1.30351 1.30333 0.05065
Reference filter®’ 0

.55913 0.55925 0.55936 0.55922

a
Inconel on quartz.

The agreement between absorbance measurements made on a set of acidic potassium dichromate
solulions in October 1975 and again 1n June 1977 (Table 10) illustrates, rather dramatically, the
quality of results that can be obtained with accurate instrumentation, stable samples, calibrated
cuvettes, and good technique.

Table 10. Absorbances of a Set of 0.001 N Perchloric Acid Solutions of SRM 935
K2Cr,0, at Time of Preparation and After 20 Months Storage.

Nominal 257 nm (max) 350 nm (max)
K,Cr,0,
Concentration 1975 1977 1975 1977

20 . 0.2872 ©0.287 0.2145 0.2150
40 0.5773 0.5760 0.4305 0.4307
60 0.8674 0.8677 0.6456 0.6450
80 1.1623 1.1608 0.8612 0.8616
100 1.4559 1.4565 1.0773 1.0755

6.2. Temperature Control

The importance of controlling temperature, particularly during the spectrophotometric analysis of
liquid samples, is well established. Temperature coefficients of absorbance of 0.1 to 0.2 percent per
degree Celsius are not unusual. As a rule, at least 2 minutes equilibration time should be allowed
for every degree Celsius above or below ambient that the measurement is performed. In addition, if
measurements are made more than +5 °C from ambient, the analyst must be aware of potential differences
in bath and sample compartment temperatures, even at equilibrium, because of losses from the supply
lines. Some data for a typical thermostating assembly are given in Table 11. The temperatures were
measured by placing one end of an iron-constantan thermocoupie in the cuvette solution and the other
end in the constant temperature bath.

Table 11. Temperature Differences Between Thermostating Bath

and Cuvette Soiution; Ambient T = 24.Z °C.

Bath Temperature, °C Cuvette Solution, °C Temperature Differences, °C

15.0 17.4 ‘ +2.4
20.0 21.4 +1.4
25.0 24.9 -0.1
30.0 29.1 -0.9
35.0 32.9 -2.1
40.0 37.0 -3.0
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7. Selected Methodologies

This section describes some of our experiences in applying spectrophotometric measurements to
materials characterization, particularly for the trace inorganic characterization of NBS SRM's. A
comparison of the spectrophotometric values with those obtained by isotope dilution mass spectrometry
(IDMS), as well as by other trace instrumental techniques, has been used to estimate the bias of the
spectrophotometric data.

7.1. Antimony and Arsenic

The spectrophotometric determination of antimony with brilliant green (BG) and of arsenic with
silver diethyldithiocarbamate (AgDEDC) are probably the best wet chemical techniques for the deter-
mination of trace amounts of these elements. These methods, as employed for the analysis of both
iron and copper-base alloys, require that the sample be dissolved under conditions such that antimony
and arsenic are obtained in their +3 oxidation states. This is achieved by dissolving the iron or
copper alloy in concentrated hydrochloric acid in sealed borosilicate ampoules at a temperature of
200 to 250 °C. The principal steps in the two procedures are summarized in Figure 19.

Scaled Tube Dissolution (12N HC1)

Sb*3(6N HC1) ~«—————— Sb*3] As*3  Benzene or

(9N'HC1)  Chioroform = Astls
NaNO, 0.5N H,S0,
Zn, HC1 +3 Brz, A _
SbClg™ AsHj As = AsQ,
Sat. NagP207 Ethanolic AQDEDC/ (NHh)zMOOQ
~1.5N HCl Brilliant Green Pyridine
[86"][SbCl¢™1/Benzene Red Complex Molybdenum Blue
(640 nm) (535 nm) (850 nm)

Figure 19. Outline of the spectrophotometric procedures used for determining antimony
and arsenic in NBS iron and copper base alloys.

The need for certifying antimony in iron base NBS SRM's was initiated by the general opinion
among metallurgists in the early 1960's that trace amounts of this element were responsible for the
cracking failures of rotor steels. Although this theory for the most part was subsequently disproven,
the original procedure [25] has been used unchanged except for one modification namely preparing the
stock solution of brilliant green in ethanol rather than in water. Two important advantages were
gained by this change. In the first place, the stability of the dye 'solution was increased from one
or two days to several months. Secondly, the use of ethanol eliminated the hypsochromic shift and
decreased intensity of the absorbance maximum that had been observed previously when sodium nitrite
was used as the oxidant (Figure 20). Nitrite was, and continues to be, the preferred oxidant because
close control of its concentration is not as critical as it is for cerium (IV) or hydrogen
peroxide. Experiments performed to understand the role of ethanol indicate that, in its absence,
nitrite interacts with the dye, most probably by addition of a nitro group to one or more of the
ring systems. IT ethanol is present, however, when the dye is added, or iT the dye is added as an
ethanolic solution, then the excess nitrite remaining after oxidation of Sb(III) to Sb(V) is
apparently converted into a nonreactive alkyl derivative (CHzCH,ONO).
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The spectrophotometric determination of arsenic based on the color reaction between arsine and
silver diethyldithiocarbamate is presently being used extensively in the analysis and certification
of NBS biological and botanical SRM's. Although the exact composition of the colored product is not
known, the method is straightforward and simple to run. The minimum amount of arsenic that can be
determined is about 0.05 pg. Stibine and phosphine interfere by also giving colored products with
AgDEDC. However, their spectra are sufficiently different that their presence may be checked by
making absorbance measurements at two wavelengths. If only arsenic is present, the ratio of the -
absorbance at 505 nm to that obtained at 535 nm (Amax for arsenic complex) should not exceed 0.82.

The decision to use the arsine-AgDEDC procedure or the molybdenum blue method (Figure 19) is dictated
by the amount of arsenic present. For more than 10 pg, the Tatter method is preferred.

In a subsequent publication [26], the possihility of coupling the selective extraction of
arsenic (III) with the arsine-AgDEDC #ethod for doing speciation measurements of As(I11) and As(V) in
organic materials was explored. Although the method works well for aqueous mixtures and may be
useful for speciation measurements on natural water samples, it is presently not applicable to the
analysis of organic materials until a digestion medium is found in which the original valence states
of arsenic are not altered. Using several mild, nonoxidizing acid media, some As(V) was invariably
reduced to As(I11), apparently by other solubilized constituents in the samples.

An important application of the antimony and arsenic procedures has been the determination of
these elements in the NBS copper benchmark SRM's. The issuance of this series of unalloyed copper
standards will be the culmination of one of the largest undertakings of the NBS Standard Reference
Materials Program. More than 70 participants cooperated in the planning of these SRM's, 16 companies
contributed base materials, and 22 laboratories have performed cooperative analyses. Currently
11 copper SKM's containing varying levels of trace impurities are available from the NBS Oftice of
Standard Reference Materials.

The NBS values for antimony and arsenic in SRM's 394, 395, and 396 are listed in Table 12
together with the average values obtained from cooperating laboratories.
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Table 12. Antimony and Arsenic in NBS Copper Benchmark SRM's.

---------- Values by Weight, ppm - = - = - - - - - -

NBS Values Averége of Cooperétﬁhgltabs.
SRM No. Sb As Sb As
394 (Cu 1) 4,8° 2.6° 5.6 3.0
395 (Cu I1) 7.9 (8.3)° 1.8 (2.4)° 7.0 2.2
396 (Cu 111) <0.5 (0.16) <0.5 (<0.03) 2.0 1.5

aSpectrophotometric values.

t)\/a1ues in parentheses were obtained by spark source mass spectrometry.

The spark source results were calculated on the assumption that the spectrophotometric values
on 394 are accurate. Paulsen [27] has since reported a value of 4.5 ppm for Sb in 394 by isotope
dilulion-spdark source mdss spectrometry. Antimuny has not been determined to date in 395 or 396 by
isotope dilution and arsenic cannot be determined by isotope dilution because it is monoatomic.

The data reported by the cooperating laboratories are based on optical emission methods. Their
average values are in good agrcement with the NBS results for 394 and 395. However, for 396, their
average value for both antimony and arsenic appear to be at least an order of magnitude high. This
discrepancy may be caused by the optical emission methods being used at or near their detection limits
or the standards used containing less antimony and arsenic than assumed.

7.2. Nickel

The spectrophotometric determination of nickel by the persulfate-dimethylglyoxime procedure has
been studied extensively by Deardorff and Menis [28] and they have applied it exhaustively to the
analysis of a wide variety of NBS SRM's. Although the exact nature of the colored complex is not
known, present evidence suggests that nickel is oxidized to the +4 oxidation state. The red complex
forms almost instantaneously when ammonium persulfate is added to a nickel solution containing
citrate ion, the pH is adjusted to 13, and alcoholic dimethylglyoxime is added. The presence of
citrate is important not only for preventing hydrolysis but also because it enhances the rate of
color formation. Ammonia also appears to play a role in the reaction rate and, in addition, it
reduces the interference from copper. Cobalt is the most serious interference because its reaction
with dimethylglyoxime is relatively slow under the experimental conditions used and, if significant
amounts are present, the absorbance at 465 nm slowly increases with time. Amounts of cobalt less
than 200 pg do not interfere in the determination of as little as 20 pg of nickel if the absorbance
is measured within 15 minutes. When larger amounts of cobalt are present, the absorbance is measured
at 465 and 410 nm and an appropriate correction is applied to the nickel results. The interference
from copper is corrected for in a similar fashion. By performing absorbance measurements at these
two wavelengths and utilizing the fact that formation of the cobalt complex is slow, appropriate
corrections can be determined for both copper and cobalt. Conversely, these corrections can and
have been used to estimate any coupper, cobalt, or copper plus cobalt that may be present.

Iron and manganese in amounts greater than 1000 and 250 pg, respectively, in a final volume of
50 mL interfere by formation of precipitates. The volume of test solution must be sufficiently
small to keep manganese below this level. The interferences of large amounts of iron is eliminated
by extraction with a 1:1 mixture of methyl isobutyl ketone and amyl acetate.

To date, the persulfate-dimethylgliyoxime procedure has been used for the spectrophotometric
determination of nickel in more than 50 SRM's. Concentrations measured have ranged from 0.005 to
80 percent. The scope of the method and the agreement of the spectrophotometric results with the
classical gravimetric values are illustrated by the data given in Table 13.
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Table 13. Comparative Determinations of Nickel in Various SRM's by Gravimetry and by the
Persulfate-Dimethylglyoxime Method [28].

----- Ni, %-----
SRM ‘Material Gravimetric Spectrometric Difference
53 Cast iron? ~0.018 0.016 -0.002
153a C08-Mo9-W2-Cr4-v2 steel® 0.168 0.160 -0.008
37e Sheet brass 0.53 0.52 -0.01
82b Nickel-chromium cast iron® 1.22 1.22 0.00
346 Valve steel (Cr22-Ni4~Mn9)a 3.94 3.94 0.00
167 Cobalt-base alloy Co43-Mo4-Nb3-W4 20.65 20.57 -0.08
1193 High temperature &1loy W 545 23.38 28.33 -0.05
Permalloy 79.62 79.75 +0.13

@Iron preextracted.

To improve precision and accuracy, differential measurements are recommended when more than
200 pg of nickel are present. Successful analyses have been performed using as much as 800 pg of
nickel in a final volume of 50 mL (A = 4) for the reference solution.

Unfortunately, IDMS values are not available for nickel in any of the above SRM's and the
accuracy of the spectrophotometric results cannot be established unequivocally. Although the agree-
ment between the gravimetric and spectrometric data are excellent, the possibility exists, however
remote, that both techniques have the same bias. One set of analyses in which this situation occurred
involved the determination of nickel in the 500 and 50-ppm trace elements in Glass SRM's (SRM 610 and
612, respectively). For the 500-ppm glass, the following average values were obtained: spectro-
photometry, 451 ppm; polarography, 450 ppm, and IDMS, 458.7 ppm. Similarly, for the S50-ppm glass,
the average values were 37.6, 37.8, and 38.8 ppm, respectively. A comparative plot of the spectro-
photometric and IDMS results is shown in Figure 21.
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Figure 21. Comparison of spectrophotometric and IDMS results for nickel in NBS
Trace-Elements in-Glass SRM 612.
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Although the spectrophotometric and polarographic values were in agreement, both exhibited
negative biases of almost two percent for the 500-ppm giass and 3 percent for the 50-ppm glass. In
analyzing the possible sources of these biases, it is highly unlikely that the two techniques had
inherent errors of these magnitudes in the measurement steps. Consequently, the Tow results can best
be explained by the loss of nickel during sample dissolution. The base glass from which these SRM's
were prepared contained approximately 12 percent Ca0 and included in the 61 doping elements were all
of the rare earths. Both calcium and the rare earth elements form relatively insoluble fluoride
salts. Since hydrofluoric acid was used for sample dissclution, it is highly possible that the
losses resulted from some coprecipitation or adsorption of nickel on the insoluble fluoride residues.

7.3. Simultaneous Determination of Cobalt, Nickel, and Copper

One of the few spectrophotometric reagents that we have used successfully for simultaneous
multielement analysis is 2,3-quinoxalinedithiol. 1In aqueous ethanol, cobalt (II), nickel (II), and
copper (I) react instantaneously with this reagent at pH 2 to form intensely colored complexes with
absorbance maxima at 510, 606 and 665, and 625 nm, respectively. At pH 6, the reaction of copper is
virtually eliminated while the cobalt and nickel reactions exhibit only slight decreases in sensi-
tivity. The absorbances of these complexes are additive for all combinations of these elements in
which the individual concentrations are varied from 0.1 to 1 ppm. The wavelength differences in
their absorbance maxima in conjunction with the sensitivity of the copper complex to pH and the
additivity of the absorbances of the .three complexes has been made the basis for the simultaneous
method. The details of this method have been described previously [29]. In practice, two sample

aliquots are required for analysis, one for color development at pH 2 and the other for color
development at pH 6.

Iron, platinum, and palladium are serious interferences. For analysis of iron-base alloys, the
iron is readily extracted with a 1:1 mixture of methyl isobutyl ketone and amyl acetate. Two extrac-
tions from 6 to 8 N hydrochloric acid are generally sufficient. The results obtainable for some
typical SRM's is shown in Table 14,

Table 14. Simultaneous Determination of Cobalt, Nickel, and Copper in NBS SRM's.

Certified Value,

SRM No. Type weight % Found, weight %

462 Low alloy steel Co 0.11 0.106
Ni 0.70 0.687

Cu 0.20 0.207

466 Ingot iron Co 0.046 0.046
' Ni 0.051 0.051

Cu 0.033 0.033
55e Open-hearth iron Co 0.007 0.0065
Ni 0.038 0.037

Cu 0.065 0.062

87a Aluminum-silicon alloy Co ... <0.01

Ni 0.57 0.568

Cu 0.30 0.301

7.4. Copper

The simplest spectrophotometric analysis that we perform is the determination of copper as the
dibenzyldithiocarbamate complex. The yellow-brown copper complex (Amax = 435 nm) is formed and

simultaneously extracted by equilibrating the sample solution for 1 to 2 minutes with a 0.01 percent
solution of zinc dibenzyldithiocarbamate in either chloroform or carbon tetrachloride. The use of
the colorless zinc chelate as the chromogenic reagent increases the selectivity of the method many
common elements such as iron, chromium, or manganese form less stable complexes than zinc and do not
undergo the exchange reaction. Selectivity is enhanced further by performing the extractions from
1 to 10 N hydrochloric or sulfuric acid. Under these conditions, bismuth and palladium are the only
elements that might interfere by formation of similarly colored complexes. The method has been used
most recently for the determination of copper in NBS botanical SRM's. A comparison of the spectro-
photometric values and the isotope dilution-spark source mass spectrometric results is shown in

39



Table 15. The differences in the results obtained for copper by these two techniques are believed
not to be significant.

Table 15. Comparison of Spectrophotometric and IDMS Results
for Copper in NBS Botanical SRM's.

----- Copper, ppm - - - - -

SRM No. Material Spectrophotometric 1DMS
1570 Spinach 12.0 + 0.2° 11.5 + 0.6%
1573 Tomato leaves 10.8 + 0.2 10.2 £ 0.6
1875 Pine needles 2.9 0.2 2.9+ 0.4

395% confidence interval.

7.5. Other Elements

Antimcny, arsenic, nickel, cobait, and copper are not the only elements that can be conveniently
and accurately determined in a wide variety of matrices spectrophotometrically. The examples cited
were selected because of the Trequency OT requests that we have Tor their determination and because
of the long-term experience that we have had in applying these methods to the analysis of NBS SRM's.
As the SRM program continues to expand from the traditional metal standards into such newer areas as
clinical, environmental, and biological standards, the analytical needs also continue to change. If
this paper were being written three years hence, the elements cited might more appropriately include
selenium, lead, beryllium, molybdenum, iron, chromium, boron, titanium, zirconium, and zinc.

8. Future Developments in New Spectrophotometric Methodologies

Since Tschugaeff first described the synthesis and use of dimethylglyoxime for the detection of
nickel in 1905, analysts have optimistically sought new and more sensitive and selective organic
reagents for use in inorganic analysis. While many useful reagents and methods have evolved there
have been no dramatic breakthroughs. Recently, perhaps the most outstanding approach of note for
improving concomitantly sensitivity and selectivity has been the development of methods based on the
formation of ternary complexes. Although the molar absorptivities of complexes used in inorganic
analysis are typically in the range of 10,000 to 30,000 litre mol~lcm~!, Braude [30] has calculated,
using molecular dimensions and absorption probability, that the theoretical maximum value of molar
absorptivity is about 100,000 litre mol~*cm~!. In methods utilizing ternary complex formation, the
element of interest reacts not with one ligand, but rather with two, that is, the brilliant green-
hexachloroantimonate complex discussed previously. In this way it is possible for a larger and more
strongly absorbing organic envelope to be placed around the element than is normally possible and
consequently the sensitivity of the resulting ternary system is frequently superior. What is even
more important is that the selectivity of ternary complex formation is likely to be much superior to
its binary counterpart.

West [31,32] and coworkers have developed a number of useful methods based upon formation of
highly colored and selective ternary complexes. The same workers have also advocated overcoming
the sensitivity barrier through use of amplification procedures based upon allowing the element
determined to react in a catalytic fashion or by exploiting a favorable stoichiometric relation
between the element measured and the element sought. Because of their favorable characteristics and
the fact that they lend themselves well to systematic study and application, the areas involving
ternary complex formation and amplification techniques appear to merit considerable future attention.

Probably the most exciting and challenging development at the moment in molecular absorption
spectrometry is the possibility of using high performance 1liquid chromatography (HPLC) to separate
mixtures of metal chelates prior to their subsequent quantitation through dynamic coupling of the
chromatograph to a variable wavelength, ultraviolet-visible spectrophotometer. While HPLC has
experienced a tremendous growth in the last seven or eight years, almost all of the work has been in
organic rather than inorganic analysis. The worldwide use of this technique for separating complex
mixtures of polynuclear aromatic hydrocarbons, drugs, pesticide residues, and the like is now common-
place. Only a few papers have appeared dealing with the HPLC separation of metal chelates and none
have been used for practical analyses. Included among these is the paper by Huber et al., [33], the:
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several publications by Ballischmiter et al., [34-36], the paper by Uden and Bigley [37], and, most
recently, a paper by Schwedt [38].

Qur current research interests are centered on the use of nonselective cheiating-agents ‘for
group solvent extractions of the transition and heavy metals and their subsequent HPLC separation
and quantitation by spectrophotometric detection. Reagents under study include a-pyridylazonaphthol,
diethyldithiocarbamate, and dibenzyldithiocarbamate. The separation of mixtures of metal complexes
with each of these reagents is being examined on several types of column packings and fer various
compositions of the mobile phase. In general, separations on silica have been superior to those
obtained on bonded-phase -NH,, -CN, and -C,g packings. A typical chromatogram of a mixture of
copper, cobalt, and nickel dibenzyldithiocarbamates is shown in Figure 22. Although data are shown
only for three elements, it is apparent that half a cdozen or more eiements can be separated with
baseline resolution and determined in a 30-minute run provided their complexes have appropriate
retention times. Presently, the major probiem is not obtaining the desired separations but rather
preventing on-cclumn degradation of the metal complexes. Silice exhibits quite anomaious behavior
in this respect. For examplie, the degredetion of nickel diethyidithiocarbamate on 5 to 0 pm
irregular silica is quite extensive, whereas, on spherical silica of the same particie size, degrada-
tion js drastically reduced [39]. Obviously much work remains to be done to understand and contrc!
the various interactions occurring on the column. Provided the probiem of degradation can be
surmounted, it is5 refreshing to believe that high performance liquid chromatography in conjunction
with spectirophotometric detection can become a very practical and inexpensive multielement
technique. The traditional requirement that an element can be determined accurately in a compiex
matrix by abscrption spectrophotometry only when it has been separated from all interfering eiements
jo «till present in the proposed technique. The difference is that the HPLC operation provides
quick and efficient separations instrumentaily. Our optimism about the future of the technique is
augmented further by its potential use in metallo-organic speciation studies and by the fact that’
the principles of isotope dilution can conceivably be appiied for the determination of those eiements
having sufficient differences in isotopic mass and abundance.
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Figure 22. High-performance liquid chromatographic separation and spectrophotometric detection
of a mixture of copper, cobalt, and nickel dibenzyldithiocarbamate chelates.
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Reprinted from ANALYTICAL CHEMISTRY. Vol. 48. Paze 1093. June 1976

Comments on Spectrometry Nomenclature

Sir: As an optical physicist who collaborates with analyt-
ical chemists in the development and use of absorption and
luminescence spectrometers, I have become increasingly
sware of the fact that onr vocahularies are not always the
same. Although some of these differences have been point-
ed out before (I) it seems worthwhile to familiarize the
readers of this journal with the currently prevailing termi-
nology of physical optics. Perhaps the following comments
may be helpful to editors, authors, and nomenclature com-
mittees in establishing a common and consistent terminol-
ogy that can be used in all branches of spectrometry and
would save readers a good deal of puzzlement and reading
between lines. The main purpose of these comments is to
emphasize the need for interdisciplinary efforts in defining
spectrometry nomenclature without perpetuating the in-
consistencies that exist at present. They do not represent
an official position of the National Bureau of Standards.

The basic concept of modern optical terminology (2, 3) is
to tombine nouns and adjectives in order to describe quan-
tities and properties as explicitly as necessary, rather than
using glossaries of short names for them. This “Chinese
Restaurant” method of nomenclature (4) offers flexibility
in introducing new terms, and has recently been extended
to include the photon quantities used in photochemistry
and similar disciplines dealing with the interaction of light
and matter (5).

The basic list of nouns describing the transport of energy
according to the laws of geometrical optics is:

Energy, Q.

Energy density, u = d@/dV. Energy per unit volume.

Flux, & = dQ/dt. Time rate of energy flow.

Flux density, W = d$/dA. Flux per unit area.

Intensity, I = d$/dQ. Flux per unit solid angle.

Sterance, L = d2&/d(Acos0)dQ. Flux per unit projected

area and unit solid angle.

(A number of alternative and additional terms have been
proposed. For example: pointance to replace the continual-
ly misused term intensity; incidance and exitance, or inci-
dent areance and (transmitted, emitted, etc.) areance for
the flux densities arriving at and leaving a surface; steri-
sent for the sterance generated per unit path length by
emission or scattering into the direction of propagation;
and fluence for the surface energy density incident upon a
volume element irradiated from within a large solid angle
of rays (F. E. Nicodemus, private communication). As these
have not yet been accepted generally, they were not includ-
ed here. However, the new term sterance was included as it
avoids the misnomer photon radiance that has appeared in
papers on luminescence spectrometry.)

These nouns are modified by the adjective radiant, and
the above symbols are written with a subscript ‘e’ (for ener-
gy), when radiometric units are used. The modifiers lumi-
nous and photon are used in conjunction with subscripts
*v' (for visual) and ‘p" (for photon) to indicate the use of
photometric and photon units. respectively. For example:

Radiant energy density, u.Jd m=3).

Luminous intensity, I,[lm st~1).

Photon sterance, L[E m~2sr~1s~1].

{The basic unit for photon energy used here is the einstein
|E], defined as one mole of photons. It is not an SI unit, but
is used so extensively in photochemistry and photobiology
that its acceptance as a supplementary SI unit may be de-
sirable.)

The additional modifier spectral and subscripts A and ¢
are used to denote derivatives of radiometric and photon
quantities with respect to wavelength and wavenumber, re-
spectively. Thus:

Spectral radiant energy density, uea = duc/dA [J m™4|.

Radiant energy density per unit wavelength interval.

Spectral photon intensity, I, = dlp/do |[E sr~! s~! m].

Photon intensity per unit wavenumber interval.
Any of these can be modified further; such as: fluorescence
photon flux, transmitted spectral radiant flux density, or
absorbed luminous energy. Usually, it is possible to drop
most of the modifying adjectives as well as the subscripts e,
v, or p, once the context has been clearly established or
whenever a distinction is not necessary.

The same method of nomenclature also provides a sim-
ple and logical way of specifying the precise meaning of the
quantities and material properties commonly measured in
analytical spectrometry. Thus radiant absorptance a. and
photon absorptance ap, should be used for the ratios of the
radiant or photon fluxes absorbed by a sample to those in-
cident upon it, when measured with a large bandwidth so
that these two ratios are not the same. On the other hand,
spectral absorptance a{)\) is sufficiently accurate in the
case of measurements made with a small bandwidth. Simi-
larly, luminescence yields (the ratios of the radiant or pho-
ton fluxes emitted by a sample to those absorbed by it)
should be designated as radiant yield 7. or photon yielc ny
(not energy yield or quantum yield). In this case, spectral
radiant yicld, ne, = dne/de, and spectral photon yield, n, o
= d7,/do, are different quantities even in the limit of infi-
nitely narrow bandwidths, and thus should be referred to
by these names.

[The dependence on wavelength or wavenumber is indi-
cated by a subscript (5.} when the spectrai distribution is
defined as a derivative, but in functional form [a{})] in the
case of spectral distributions that are not derivatives. This
is an important distinction that must also be borne in mind
in the presentation of specira. The positions of the peaks
and valleys in derivative spectra depend on the units used,
so that these should not be published in the form of a single
graph with dual scales (such as wavelength and wavenum-
ber, or spectral radiant and photon yield).]

In addition to this general description of current optical
terminology, the following comments are made in direct
reference to the nomenclature list in the December 1975
issue of Analyvtical Chemistry (6).

1) This list cautions not to use optical density instesd of
absorbance, but defines the latter as “‘the logarithm to the
base ten of the reciprocal of transmittance”—which is the
definition of optical density. Internal transmittance
should have been substituted for transmittance in this def-
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inition of sbsorbance. The International Lighting Vocabu-
lary suggests transmission density and internal transmis-
sion density instead of eptical density and absorbance.
This is more determinative, and also fits into 8 general
scheme where reflection density is defined as the negative
logarithm to the base ten of reflectance. On the other hand,
transmission and reflection density are operational quan-
tities that merely express measured data on a logarithmic
scale, whereas absorbance is directly related to molecular
constants through the Lambert-Beer and Strickler-Berg
equations. Thus, in my opinion, it should be retained as a
separate term. I believe that all confusion would be avoided
by defining:

Transmittance, 7. Ratio of the flux transmitted by a
sample to the flux incident upon it.

Internal transmittance, r;. Transmittance exclusive of
losses at boundary surfaces and effects of interreflec-
tions between them.

Transmittance density, D = =-logio7. Negative loga-
rithm to base ten of transmittance.

Absorbance (Internal transmission density), A =
—logo7;. Negative logarithm to base ten of internal
transmittance.

2) The definitions of absorptivity in chemistry and phys-
ics are not the same. In chemistry, it means absorbance per
unit path length and unit concentration (A/bc), whereas
the International Lighting Vocabulary (2) defines it as in-
ternal absorptance per unit path length (da;/db). Similarly,
it specifies transmissivity as internal transmittance per
unit path length and reflectivity as the reflectance of a
thick layer (so that a further increase in thickness will no
longer change its value). Generally, terms ending in -ance
represent sample properties, whereas terms ending in -ivity
denote material properties that are independent of sample
geometry. The quantity A/bc does not fall in this latter cat-
egory as it is also independent of sample concentration.
The International Union for Pure and Applied Chemistry,
apperently sware of this discrepancy, has suggested calling
it absorption coefficient. However, as this name has been
given different and mutually inconsistent meanings in the
past, & less ambiguous word-—perhaps specific absorbance—
would have been better. Therefore it is proposed to define:

Absorptivity, a = dai/db [m~!]. Internal absorptance per
unit path length.

Specific absorbance, ¢ = A/bc [kg~! m?}]. Absorbance per .

unit path length and unit concentration.

Specific molar absorbance, em = A/bcy, [mol~! m2). Ab—
sorbance per unit path length and unit molar concen-
tration.

3) The December 1975 nomenclsture list also implies
that the Beer-Lambert laws are the same. The correct defi-
nitions are:

Beer's law: Absorbance is proportional to concentration.

Lambert’s low: Absorbance is proportional to path
length. Also called Bouguer’s law.
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4) The definition of the dngstrém unit in terms of the
red line of cadmium has been abrogated several years ago.
It is now defined as 10~1° m, exactly. However, the dng-
strom is not an SI unit, and has been sanctioned by the In-
ternationsl Committee on Weights and Measures only as a
supplementary unit that will eventually be abandoned (7).
Therefore, authors should be encouraged to use microme-
ters or nanometers.

5) The December 1975 list defines spectrometry as the
“measurement of spectra”, but restricts the meaning of
spectrometer to “instrument with an entrance slit, a dis-
persing device, and with one or more exit slits . ..". As this
excludes non-dispersive and slit-less instruments, such as
Fourier and Girard spectrometers, it would be more consis-
tent to call any instrument used for spectrometry a spec-
trometer. Therefore:

Spectrometer: Instrument for the measurement of spec-

tra

The general term for instruments that measure spectral
distributions of radiometric.quantities is spectroradiomet-
er. However, as this implies measurements in absolute
units, spectrometer is a better term for the simpler, usually
ratio-forming instruments used in analytical spectrometry.
Thus, a spectrophotometer could also be called absorption
spectrometer, and fluoroescence spectrometer would end
the controversy of spectrofluor imeter vs. spectrofluor ome-
ter.

(Strictly speaking, the word spectrophotometer is a mis-
nomer. A photometer is an instrument that measures lumi-
nous flux in lumens. Since the adjective luminous implies
the integral effect of visual radiation as perceived by the
human eye, the spectral analysis of luminous flux has no
physical meaning. However, in view of the firmly estab-
lished meaning of spectrophotometer, it is not suggested to
change it, although a scanning of the recent literature
shows an increasing usage of absorption spectrometer.)
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The optical transmittance of solids and liquids as well as the molar absorptivity of various chemicai
apecies are parameters of fandamental significance in characterizing these materials. Meaningful trans-
mittance data can be obtained only when the measurements are performed with well-known accuracy
and precision. To perform such measurements, a high accuracy spectropbo(omeler was designed and
assembled at NBS, Analytical Chemistry Division, and will be described in this paper. This single-
beam instrument is composed of a constant radiation source. a monochromator, a sample carriage, an
intcgrating sphere-photomultiplier assembly followed by spprupriate elecironics, and = read out sysiem
consisting of a digital volumeter and a computer data acquisition and handling provision. The accuracy
of transmittance measurements is determined by the light-addition principle used in conjunction witha
two-aperture arrangement. The spectrophotometer can be used in manual or automatic modes of opera-
tion. A detailed discussion of the data obtained with this instrument, used in both modes, will be pre-
sented together with its application 16 the certification of solid and liquid Standard Reference Materials
for checking the photometric scales of conventional spectrophotometers.

Key words: Absorbance; automation of accurate spectrophotometer: instrumentation, spectrophoto-
metric: spectrophotometry. high accuracy: standard reference material in spectrophotometry:

transmittance.

Introduction

Optical transmittance is due to an intrinsic property
of matter and characterizes a particular transparent
material. Since this parameter is not known a priori, it
must be determined by experimental procedures.

True transmittance values can be obtained only by
using accurate measuring techniques and by taking
into consideration all factors which can affect and dis-
tort the data.!

' The optical tranamittance of a solid material inciudes the reficction losses which occur
a1 the air-solid interface.

Tbcmmdmmmnuncendeﬁncduthgmmmmecdmzmuzndconmedfw
reflection lossse (2). This i inciplk from the
lr-n-nmune:byuuudn-d] knotrn Frunelequnmm(l PP- 98101!1)1

For collimated the r R, fors | with ar index of refraction, a,
sndnabwrwvny.c.uvudemkl is given through:

(m—1)*+ai at
(ma+1)+ ni af
For a nonabsorbing material and collimated radiation:
(m—1)*
(m+1)2
For #lass. a is aporoximately 15 in the visible region of the apectrnm snd R will he shaut
4 percent a1 every nrfim interface.
When radiation is used:
Ri= sie? (a— B
P st let+Bh
for perpendicular polarized radistion and
tan® (a—B)s

[l
K 1’ (a+ B

Ri=

a

for parallel polarized radiation, where a and § are the angles of incidence and refraction,
reapectively.
in colimated radistion and in &ir, o= =0 aad R:=Ri=R.
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Transmittance is the ratio of two radiation flux in-
tensities. It is therefore necessary that the photometric
scale of the spectrophotometer used to perform the
measurements be accurate. The transmittance of a par-
ticular material is also a function of waveiength: hence
the wavelength scale of the monochromator should also
be accurate, and appropriate spectral bandpasses
should be used. The measurements should be made
using collimated radiations. Such radiations define un-
ambiguously the actual path length through the trans-
mitting medium, the reflection losses, and eliminate
the effects of polarized radiations that are produced at
the surface of the sample. -Other important factors
which must be considered are: homogeneity and sta-
bility of the sample, radiation scatter inside the sample,
interference phenomena, stray radiation, polarization,
fluorescence, temperature, particulate matter, and sur-
face conditions. Since transmittance measurements
depend on a diversity of factors, meaningful values can
be obtained only by defining the experimental condi-

912 Spectro-

tions for shtaining transmittance data 1 pectro
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photometers are used to perform two types of meas-
urements:

(1) Quantitative determination of chemical species
using the relation between optical transmission of the
material, and the concentration as a measuring param-
eter. Under these circumstances, the pbotometric scale

di the li fe at the end of this psper.

2 Figures in brackets i



of the spectrophotometer is calibrated in meaningful
units, using a series of reference solutions having
known concentrations of the species to be determined,
rather than values of optical transmittance.

The accuracy of the measurements is related solely
to the accuracy with which the concentration of the
reference solutions is known and to the precision (sta-
bility, sensitivity, reproducibility) of the spectrophoto-
metric method and instrument used. The accuracy of
the photometric scale per se, is not & critical factor in
such measurements.

The precision, stability, and reproducxb:hty of the
instrument can be checked before each series of meas-
urements by careful use of solid or liquid reference
filters having well established transmittance values.

(2) Determination of the optical transmission char-
acteristics of solid or liquid materials, and the determi-
nation of molar absorptivities of chemical compounds.
In both cases the accuracy of the photometric scale of
the measuring instrument, among other things, is
essential 10 provide true values. Ways to establish
and check this important parameter are critically
needed.

Since conventional spectrophotometers do not pro-
vide means 1o check photometric accuracy or to
evaluate the possible sources of systematic errors. it
was decided in 1969 t¢ design and construct a re-
search spectrophotometer on which transmittance
measurements conld be performed with well defined
accuracy. Such an instrument would be used 1o deter-
mine optical transmittance of selected solids and
liguids at various wavelengths. These materials can be
uscd as standard reference materials (SRM's) to check
the accuracy of the photometric scale of conventional
spectrophotometers. The same ceriified SRM '« could
likewise be used to monitor the precision. stability.
and reproducibility of those instruments {3, 4}

Afier a comprehensive examination of the literature
in this field [5 t¢ 34] arranged in chronological order.
an instrument was developed which is similar in
principle to the instrument at the National Phvsical
Laboratory (NPL). Teddington, England. where & long
tradition of high accuracy apecxropholometn exists.
The instrument deseribed in this worl: performe:
measurements of radiant energy in the visibie and
ultraviolet region of the spectrum. with well established
and high photometric accuracy. Transmittance meas-
urements on solids and liquids can be made with this
instrument using collimated as well as noncollimated
beam geometry. The wavelength accuracy and spectral
bandpass achievable are adequate to avoid degrada-
ton of photometric accuracy, and the other inter-
ferences mentioned have been given careiul considera-
tion, and, in most cases, have been assessed quan-
titatively.

The transmittance measurements on the optically
neutral glass filters discussed in this work have been
made with a noncollimated beam geometry correspond-
ing to an aperture of about £:10. The image of the exit
glit of the monochromator (8 mmx0.5 mm) was
produced at the center of the entrance face of the

filter. All measurements have been made against air
for the nonattenuated radiation flux, and no correc-
tion for reflection losses was made. Transmittance
measurements made with noncollimated radiation by
projecting the image of the exit slit of the moneo-
chromator on the entrance face of the sample using an
opening of f:10 (total angle of about 7" or 8°), may -
differ by several parts in 104 of the value when com-
pared with similar measurements made with colli-
mated radiations, as indicated in this Journal by
K. Mielenz.

Noncollimated beam geometry was applied in this
work to approach the measuring conditions used in
most of the conventional spectrophotometers which
are available today. A brief description of this instru-
ment was given earlier in reference [3]}

Il. Description of the Instrument3

The high accuracy spectrophotometer, completed
and tested in 1970, is a single beam instrument which
contains the following components: (a) a constant
radiation source, (b) a monochromator, (c) a sample
holder, (d) a system to check the accuracy of the
photometric measurements, (e) an integrating sphere
attached to a photomultiplier-digital voltmeter unit,
and (f) the data presentation system. Figure 1 illus-
trates schematically the arrangement of these various
components. A circular neutral wedge is placed after
the light source to select various levels of radiation
intensities required for measurements. A description
of the components is presented in the fo]]owmg
sections.

a. The Radiation Source. Since the instrument is
a single-beam type. it is essentia! that the radiation
source be constani and homogeneous. Additional
desirable conditions are: capability of monitoring the
current supplied to the source and radiation similar
to that from a Planckian radiator. The source is
similar in design to that developed and used at NBS
by H. l. Kostkowski and R. D. lL.ee of the Institute for
Basic Standards. This source was duplicated in our
instrument with the kind assistance of its' developers.

The source 1s used in the spectral range 360 nm 1o
800 nm and consists of a tungsten incandescent fiia-
ment lamp with a rungsten ribbon 8 mm long by 2 mm
wide. The connections to the lamp terminals are
soldered to minimize contact problems (see fig 6).
The direct current reqmred to operate this lamp at
approxlmately 3000 K is 18 A across a 6 V drop;
our source ic opersted at 5 V and 15 A. The d.c.
power supply is capable of delivering 15 V and 50 A,
and can be operated in constant current or constant
voltage modes. To achieve the constant current mode
an external sensing resistor of 0.1 and 50 A and
a current control circuit are placed in series with the
power supply. A feedback voltage across this resistor
is connected to the sensing system. The character

3 The commercial instruments and pars used in the construction of the spectrophotom-
eter are identified in the addendum.
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FIGURE 1.

1stic of this function is the ability to automaticaily
change its output voltage to maintain a constant
current :0 the load resistor, which. in our case. is

the lamp source. The nominal current regulation
obtained :s oetter than 0.0]1 percent. and the stability
over an 8 hour period. at constant inad temperature,
is better than .02 percent. The stabiiity of the current
delivered to tiie lamp is monitored with a high accuracy
potentiometer used in conjunction with a null meter.
This meter is sensitive to variations in the current
supplied to the lamp from 1 part in 1000 to 1 part in
1,000,000 per division (fig 1 and fig. 14). The po-
tentiometer is connected to the current source across
a resistor (0.01Q2 and 100 A) placed in series with the
lamp.

The demagnified 2 to 1) image of the ribbon ila-
ment is projected on the entrance slit of the pre-
disperser by a fused quartz (nonfluorescent SiO.)
lens whose focal distance is 254 mm and djameter is
44 mm. This and the other lenses used in the optical
system, were calculated by K. Mielenz of the Institute
for Basic Standards at NBS. The lenses are mounted
in carriers which permit orientation in any position.
A circular neutral wedge is placed between the light
source and the predisperser. This wedge, evaporated
inconel on a fused quartz disc (150 mm diam). is linear
in density and provides a light attennation of 100 to 1.
The wedge is motor driven (1 rev. per s) to select
proper radiation intensity levels as required by the
measurements (figs. 2, 3, and 4). The radiation source
used for measurements in the ultraviolct regon to
275 nm is a single coil tungsten-bromine incandescent
lamp (fig. 5) supplied by an adequate power source:
below 275 nm. a deuterium discharge lamp is con-
templated.

b. The Monochromator. The monochromator is a
1-m Czerny:Turner type grating instrument with a
dispersion of 0.8 nm/mm. The flat grating has 1200
grooves per mm covering a surface of 100 x 100 mm.

470-083 OL - 72 - 3
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The monochromator is provided with a predispersing
attachment to reduce the stray light (ig. 3). This pre-

FICURE 2. General views of the spectrophotometer. Rear: optical
bench carrying the tungsten-halogen radiation source used for
checking the alignment of optical components, followed by a quartz
lens, the circular quartz neutral wedge. and a flat mirror. Left:
the 1-m Czemny-Tumer grating monochromator (the predisperser
is not illustrated here). Front: optical bench carrying a quartz
lens, the single-sample and biank carriage, a second quartz lens,
and the integrating sphere with the photomultiplier housing



FiGUuRE 3. Close view of the tungsten ribbon filament lamp on its
adjustable holder, followed by the quartz lens — circular neutral
wedge assembly, and by the flat mirror in its adjustable holder.
The 30° quariz prism Littrow-type predisperser is located at the
entrance slit of the 1-m grating monochromator. Extreme left:
neon gas laser used to check the optical alignment, and mercury
discharge lsmp for wavelength calibration. When in use, the
tungsten ribbon lamp is surrounded by an enclosure with black
walls (50 cm x 50 cm x 70 cm high). Kear: enclosure containing the
optical units jhiustrated in figure 2.

disperser is a small quartz prism monochromator
connected to the scanning system of the 1-m instru-
ment. A wavelength counter permits readings to
0.1 nm and the scanning speed can be varied from 0.05
nm to 200 nm/min by a 12 speed synchronous electric
motox.

The optical componerts are placed on precision lathe
ped type optical benches which are 160 and 120 cm
long, and are equipped with appropriate carriers

provided with x-y-z adjustments.

c. Sample Carrying. Systems. The spectro-
photometer is provided with two sample carrying sys-
tems. One system measures one sample and its blank,
while the other system permits sequential measure-
ments for seven sambles and eight reference reading
positions against air. and can be operated manually
or auomatically through & -computer interfaced
with the instrument.

The single sample carrying unit consists of a plat-
form provided with two vertical holders which can
accept {-in (14 mm) rods and a variety of sample
supports (fig. 2). These holders can be moved laterally
through a rack and pinion arrangement. The platform
is mounted on 4 ball bushings which ride on two
horizontal rods and can be moved pneumaticdlly
across the optical axis. The pneumatic operation was
recommended by G. E. Moore and J. T. Sterling of
the Insiitute for Materials Research at NBS and
by L. Owen, a guest worker at NBS. The travel dis-
tance is 8 in (20 cm) and the linear movement is
smooth; the position of the platform and the sample
in and out of the optical beam, can be reproduced
within 0.025 mm. This unit is illustrated in figure 2
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FIGURE 4. Close view of the circular. neutral wedge. The front plate
which carries the iused silica lens was removed 10 show the fused
silica disc with the evaporated metal layer.

and is located between the two quartz lenses. The
sample holder is designed to accept conventional
solid or liquid filler holders which fit most spectro-
photometers. These holders are provided with a -
thermostating jacket, and can be rotated in the
h;)brlizomal plane through a 10 cm diameter rotating
table.

A fiher holder which permits the rotation and
scanning of the sample in the x—y direction is also
available (Ag. 7). It is provided with micrometer
screws having a total linear motion of 25 mm with
0.01 mm per division. The seven-sample carrying
unit is illustrated in figures 8 and 9 and consists
of a semicircular aluminum-alloy plate placed hori-
zontally on an appropriate carrier on the optical bench
along the optical axis. This plate, which is 32 ¢m in
diameter and 2.5 cm thick. can be rotated clockwise
through a pneumatically operated precision ratchet
system in increments of 12°. The stepwise rotation
utilizes a solenoid valve which is operated electrically -
by a switch located outside the enclosure. This
switch can be operated manually or automatically by
computer (g 14).



FIGURE 5. Singie coil tungsten halogen lamp in the adjustable

hoider.

The semicircular plate carries seven sample holders
similar to those used for the single sample system
described earlier. The holders are placed at 24°
intervals and arc scparated by blank spacings. About
1 atm of air pressure is used to operate the plate and
the rotation is set at 2 s per 12° step when the auto-
matic computer operating mode is used.

d. System 1o Check the Accuracy of the
Photometric Reading. Since the high accuracy
spectrophotometer is single beam, accurate photo-
metric data are obtained when there is a linear relation
between the measured radiation flux and the corre-
sponding response of the photodetector.

Linearity of photodetectors can be measured by
several means: the inverse square law [7, 15}; the use of
optical elements having a known transmittance which
can be determined by other means [17] and the light
addition principle of Elster and Geitel using a plurality
of light sources [5, 6. 8, 9, 10, 13, 18, 19, 20, 28, 31, 33,
34] or multiple apertures [11, 12, 14, 16, 21, 23, 25, 26,
27, 30]. A novel approach to the problem of accurate
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FIGURE 6. The tungsten ribbon filament lamp in the newly designed
adjustable holder. The platform which carmies. the lamp is similar
to that described in figure 5 and can be oriented in the horizontal
plane through the <ix screws spaced around the rdges of the
platform at 60° intervals. Three screws push the plattorm while
the other three pull

The current-supplying wires are soldered directly to the lamp
terminals to eliminate contact problems.

photometric measurements was described by O. C.
Jones and F. J. J. Clarke [24, 29] and by F. Desvignes
and J. Ohnet [32). A critical discussion of some
aspects of accurate spectrophotometry will be found
in an NBS manuscript by Gibson and associates [22].
The radiation addition principle, using two apertures
with one source of radiation, was chosen for our work.
The aperture method for checking the linearity of
photometric data was in use at the National Physical
Laboratory from about 1930 onwards, and one form of it
was described by Preston and Cuckow [11] in conjunc-
tion with a single beam spectrophotometer, using a
five aperture screen. One year later, Buchmiiller and
Koénig [12] described and used a two aperture unit. At
NBS, Barbrow [14] used a 10 aperture arrangement,
while Harding {16] and Cordle and Habell [25] at NPL
described a two aperture system. Multiapertures were
used by Hoppmann' [21], Bischoff {23), Sanders [26]
and Nonaka and Kashima [27). Finally, Clarke [30]



FIGURE 7. Same as figure 2 except tor the sample holder which
in this case is capable of rotating the sample 360° and 1o displace
it in the x-y direction through the micrometer screws.

Ficure 8. Circular platform carrying seven filler holders. The 15
position switches (7 sample positions and 8 blank positions) are
visible along with the two quartz lenses. The exit sht of the
monochromator is at left.

discussed in detail the use of a two aperture system to
check the accuracy of photometric data obtained on the
spectrophotometer at NPL. It is this two aperture
system which is used at NBS.

The two aperture unit consists of a metal plate
(130 mm by 100 mm) containing two rectangular
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FIGURE 9. Same as figure 8. The pneumatic cylinder which rotates

the circular platform through a ratchet mechanism is visible at
the rear of the platform. The integrating sphere with its pneumatic
shutter is seen at right.

Fi1GURE 10. Same as figure 2. In this case the dual-aperture unit
for linearity control is located on the optical bench after the exit
slit of the monochromator. .

windows, A and B, (20 mm by 8 mm) located one above
the other (figs. 10, 11, 12). Each aperture can be closed
by a light-tight shutter which is operated pucumatically
by remote control (fig. 14). The aperture piate is placed
in the optical path afier the exit slit of the mono-
chromator and within the optical solid angle of the
instrument. The image of the apertures is then pro-
jected on the target of the integrating sphere. A fused
quartz lens with a focal distance of 190 mm and a diam-
eter of 60 mm is used for this purpose. The arrange-
ment is illustrated in figure 10. No optical element



Ficure 11.

Detail of the dual-aperture unit showing its construc-
tion and the pneumatic system which operates the two shutters.
One aperture is open, the other is civsed.

should-be placed between the aperture plate and the
monochromator. The linearity check consists of
measuring the photocurrent produced when aperture
A is open then closed, and then aperture B is open and
then closed. The value of (4)+(B) is compared with the
values obtained with both apertures (4 + B) open{ If the
system is linear these two values should be identical:

(A)+(B)=(A+B).

If this is not the case, the system shows nonlinearity
which is proportional to the amount by which the
sum of (4) +~(B) differs from (4 + B). This difference is
then used to correct the transmittance values measured
on the solid or liquid filters.

e. Integrating Sphere and Photomultiplier
Arrangement. The radiations emitted from the exit
slit of the monochiomator and passing through the
aperture or the filter are received on the target of the
integrating sphere. This sphere is illustrated in
figures 2, 7, 9, and 10. A block of aluminum made
from identical halves was cut to produce a half sphere
in each block. The halves were joined together to form
a hollow sphere. Its diameter is 125 mm and a target,
made from a circular plate, 35 mm in diameter, is
located at the center of the sphere. The front surface
of the sphere has a 20 mm diameter opening. This
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FIGURE 12. Fromt view of the dual-aperture unit, with both
apertures open.

opening can be closed by a shutter which is operated
remotely by a pneumatic system. A 50 mm diameter
opening is at the opposite end to which the housing of
the photomultiplier is attached by an “O” ring to pro-
vide a light-tight joint. The inside of the sphere is
coated using a suspension of BaSOy; the outside is
painted black.

Under these circumstances the sensitive surface of
the photodetector receives the radiations originating
from the exit slit of the monochromator only after
these radiations have undergone at least two diffuse
reflections.

The photomultiplier is a 50 mm flat-faced, silica
end window tube with a 4 mm cathode and 11 vene-
tian blind dynodes having CsSb secondary emitting
surfaces. The cathode is an $-20 or tri-alkali type.
The spectral range of this tube is from below 200.0 nm
to 850.0 nm. The operating voltage used is 850 V. The
photomultiplier output is supplied to a current-to-
voliage converter consisting of an operational ampli-
fier with high precision feedback resistors with
values of 108, 3x 106, 107, 3 X107, and 10%€). Dark
current compensation is also available. This electronic
system, described in figure 13 was designed and
assembled by K. W. Yee of the NBS Electronic In-
strumentation Section. The output from the current-
to-voltage unit is connected to a digital voltmeter,
illustrated in figure 14, with one microvelt resolution
onthe 1 V full scale' range.
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Ficure 13. Schematic of the current-io-vohage circuitry. Courtesy of K. W. Yee.

The optical components located after the exit sl
of the monochromator. inciuding the photomultiplier
tube. are enclosed in a light-tight hox 200 c¢cm long, 70
cm wide and 76 cm deep ifig. 3). The removable
front panel i provided with a sliding door 10 permit
rapid access to the filter-holder system. The box
contains outlets for the compressed air which operates
the apertures, sample carriage and integrating sphere
shunier, and for the electrical cennection from the
photomultiplier. The inside walls are ned with thermal

inculation ?n;h.nA black. When in use. all nonblack

............ amnted Dblack. DTN 3N UsC, G4 nonosaca

metal parts are covered with a black cloth to reduce
stray light. The entire equipment is placed on a vi-
bration isolation table 3.66 m by 1.52 m. The optical
benches and the monochromastor are secured by siops
which are attached to the table surface. The align-
ment of the optical parts is made and checked periodi-
cally with a Jow-power laser shown in figure 3 (CW gas
laser, output power 2 mW, A 6328 A) and with a high
intensity tungsten-halogen lamp shown in figure 5.

{. Data Collection and Presentation Systems.
The data output from the digital voltmeter (DVM),
corresponding to the current generated at the photo-
multiplier tube by the radiations passing through the
aperture system (A. B, A+ B) or the samples (/) and
blanks (o), can be obtasined by visual means or com-
puter operation. Both methods have been used in
this work with good results. In the visual mode, the
operator examines the digital voltmeter display and
takes a mental average of the data. The display rate

ia adiusted 2o about one readins Ber sccon

d
i 8Gjusicda 10 aoGul ONc Féading por sconda.

When measurements are taken by computer, the
display of the digital voltmeter is adjusted to a faster
rate; for instance, 10 to 20 data per second, depending
on the capabilities of the instrument and measurement
requirements. In our work, we use 10 data per second
and collect 50 individual data for each measurement.
This information is fed to the computer which calcu-
lates and prints the results as averages with the cor-
responding standard deviation, relative standard

2
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FiGURE 14.
multiplier tube. the dc null detector. the current-to-voltage
converter. the digtal volimeter, the command panel for computer
operation, and the command panel for the pneumatic operation
of the shutter. aperture system. and single sample carniage. The
electric switches for uperating the circular neutral wedge are zlso
located on this panel.

Miadle right: potentiometer for monitoring the dc current
supplied to the tungsten ribbon filament lamp.

At bottom left: teletvpe for data presentation.

Right: light panel which indicates the position of the automatic
seven sample holder.

Console containing the power supply for the photo-

deviation, and sample position number to identify
the measurement. When transmittance measurements
are made on individual samples or when linearity
checks are performed. the readings are initiated
manually for every position. When the seven zample
holder is used for sequential measurements. the
operation is performed automaticallv by the com-
puter. It is programmed to take a predetermined
number of individual DVM readings (50), print the
arithmetic average. followed by the standard devia-
tion, relative standard deviation, percent transmit-
tance and sample position (fig. 15). At the conclusion
of each measurement. the computer initiates a signal
which rotates the holder to the next position. This is
followed by the data taking and sample changing
sequence until the measurements are stopped manu-
ally or automatically bv a provision made in the
computer program.
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CALIBRATION OF SRM930 AT 440 NM 2-2-72
SAMPLE NUMBER AND POSITION:
1-70 IN 25 179 IN 45 2-79 IN 65

1-91 IN 123 3-91 IN 14

REFERENCE 1IN 8; J3-79 IN 10;

POS av s S/AV PERCENT T
1 -2001700E 01 -4388E-03 «2192E-03
2 -6413441E 00 -3256E-03 -SO77E-03
3 -2001230E 01 «4320E-03 «2159E~-03 32.044
4 -6528346E 00 «4804E-03 +73S9E=-03
S +2001040E 01 -4254E-03 «2126E-03 32.623
6 -4221110E 00 -2293E-03 +5432E~02
7 -200099SF 01 -3041E-03 -1520E-03 21.095
8 -A560142E 0C -31B9E-03 W4BE1E<03 !
9 -2001402E 01 <4476E-03 . «R236F-03 32.781
10 -2358762E 00 - 1425£-03 -4039E~-03
1i -2001S39E 01 L3114E-03 «20S5E=03 11.78%
12 -6739426E 00 -2B4BE-03 «4226E-03
13 .2C0120SE 01 -4678E~03 «2338E-13 33.674
14 -2386761E 0C - 1064E-03 «4uS6E-02
1S -2001101E 91 -~150E=-03 2CT0E=DZ 11.927
: -2001622E 01 -3187E-03 < 1592E~93
2 +6412983E 00 -1321E-03 -2060E-C3
3 -2002043E O1 -6139E-03 +3067E-03 32.036
4 -6526462E 00 «2474E-03 «3790E-03
< .20015S1E 01 «4796E-03 -2376£-03 32.€03
L «4222282E CO +2174E-03 +5149F.=03
- -2001507E 01 .4355E-03 L2176F=03 21.09¢
] «A5A20C4E 00 -3344F-03 -SD9SE-U3
2 -2001929E 01 -$337E-03 L2RETF=03 12.78%
10 «22%9032E 00 <iPRAE-IZ - 7992E-33
il <¢DO1AGLE 01 <w$32E-03 L2RALE=03 11.7%0
12 -ATE109SE SN -GG IBF =03 L SG7GF -3
3 -2001989F 71 SAJABE-03 L 3182F=063 i3eATE
S23RARDEF 00 L 1ACLE=02 L6T20F =0
«2001829E 01 +33RBE =02 S1R93E-C3 11.924
H L2002214F J1 SPR2AE-03 cia12f-02
: L3S1BE-03 PRV TS N
N -JRRRF -3 -19298-02 32.03%
. -AS2A177E 00 «2513E-03 «3RS1E-02
3 «20017417 31 <3BU1E=03 L1919F =23 2601
- «u223418F 00 CREDTE~DD e TOQUE="D
i .200207SE O1 <uB92F -05 .24a3E-02 21.097
8 LASA2083E N0 ~13ASE-C3 +208B1E-03
9 .2001871F 2 -J708E-03 S1ASRE =92 22.778
10 .2358784F. CO L1S96E-03 ATHRTE-03
T L20CR13NE D1 CEO3RE-05 SAS1SE=03 t1.782
12 .J022F CmLELF D
12 -asasE LPRINF-03 33.448
14 <1708F-03 < TI53F-03
15 .2002478F 01 -297SE-03 - 1485F-03 11.928

Ficure 15. Computer data presentation.

The programming of the entire computer operation
was developed by J. Aronson. R. Freemire. and J.
Wing. The computer-instrument interfacing was
performed by F. Ruexg and R. Shideler of the NBE
Analvtical Chemistry Division. Technical Service
Group. under the supervision of J. DeVoe.

1Il. Stability of the Electronic System

As a rule. before taking measurements with the
spectrophotometer, a warmup period of one hour is
required. The room temperature is kept at 24 =1 °C,
and the relative humidity is 35 percent. The particu-
late matter is controlled through special filters which
rates the room in the 100,000 class.

The dark current of the photomultiplier tube was
measured by taking 15 replications each consisting of
the average of 50 individual digital volimeter readings.
These measurements were made using 850 V at the
anode. The average dark current under these cir-
cumstances produced 0.000682 V with a relative
standard deviation of 0.71 percent.

In all of our work. a dark current buck-out arrange-
ment was used. A series of measurements were per-
formed to determine the stability of this dark current
compensation. To this effect, 15 consecutive meas-
urements, each representing the average of 50 indi-



vidual digital voltmeter readings, were made and the
average dark current value was 0.000024 V with a
relative standard deviation of 23.1 percent.

Four tests were made to determine the stability of
the electronic system and the radiation source using
the computer data acquisition mode.

a. Stability of the Current-10-Voltage Con-
verter. A constant voltage was supplied to the con-
verter using the dark current compensation provided
on the unit. Fifty individual measurements were taken
every 5 seconds and the average value was printed
along with its percent standard deviation. The meas-
urements were then repeated 15 times and an average

of the 15 values was calculated along with the cor-
responding percent standard deviation. These meas-
urements were then repeated three times. The results
are summarized in table 1. This table also presents
the values for the first group and the average values
and corresponding percent standard deviation for the
two consecutive groups. It can be seen from the
stability of the current-to-voltage unit that measure-
ments can be performed with a reproducibility of
about 0.0012 (at the 67% confidence level) expressed
as percent standard deviation for a single determi-
nation. The time interval between the first and last
group of measurements was 15 min.

TasLE 1. Stability of the current-to-voliage converier alone measured in three groups of 15 replications each

t

Average of 50 individual

Percent standard

Replcation measurements; voils deviation
1 1.003494 0.00136
2 1.003496 0.0012,
3 1.003482 0.0014¢
4 1.003507 0.0011,
5 1.003515 C.0013,
6 1.003508 0.0013¢
B 1.003497 0.0011,
[ 1.003498 0.0013.
Y 1.003505 0.0011,
10 1.003510 0.0014.
11 1.003518 0.0013;
12 . 1.003521] 0.0012,
13 1.003522 0.0013,
14 1.003507 0.0012,
15 1.003527 0.0013,
Average of replications 1.003507 :
Percent standarc : First group
deviation 0.0012 J ‘
Average of replications 1.003535 )
Percent standard j Second group
deviation 0.0015
Average of repiications 1.003545 '
Percent standard i Third group
deviation 0.0010

L. Stability of the Current-to-Voliage Con-
verier Plus the Photomuhiiplier Tube Supplied
with 850 V and in Total Darkness. The measure-
ments were made as previously described and the
results are presented in table 2.

c. Stability of the Curreni-10-Voltage Con-
verter and the Photomultiplier Tube Supplied
with 850 V.and Exposed to the Radiation of a
Tritium Activated Fluorescence Source. A con-
stant radiation source consisting of a tritium activated
phosphor was placed before the integrating sphere
and a series of measurements were taken following
the technique described above. Table 3 shows the
results.

d. Stability of the Curreni-to-Voltage Con-
verier, the FPhotomultiplier Tube Supplied
with 850 V, and the Tungsten Ribbon Filament
Lamp. The same measuring procedure as mentioned
in &, b, and ¢ was used here. In this case. however.
the incandescent tungsten lamp was used as the
source of radiation. Table 4 summarizes the results
of four groups of measurements over a period of 20
min. This last series of measurements indicate that
the single-beam spectrophotometer is capable of
producing measurements of radiation fluxes with a
percent standard deviation of about 0.022; for single
meadsuremems with 2.00 V at the photomuliiplier tube
anode.
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Tasie 2. Stability of the curreni-io-voltage converter and the photomultiplier tube at 850 V in total darkness

Average of 50 individual

Percent standard

Replication measurements: volts deviation
1 1.012329 0.027,
2 1.012342 0.048,
3 1.012322 0.027,
4 1.012320 0.033,
3 1.01239%4 0.0435
s} 1.012421 0.013;
N 1.012404 0.018,
8 ; 1.012406 0.029
9 1.012365 0.019,
10 1.012402 0.019,
11 1.012465 0.025,
12 1.012412 0.0615
13 1.012451 0.023«
&3 1.012317 0.029s
i5 1.012481 0.024,
Average of replications 1.012395 1
Percent standard ! First group
deviation 0.0050 J
Average of replications 1.012467 3
Percent standard lt Second group
leviation 0.0033
Average of replicanions 1.012510 |
Percent standard { Third goup
deviation 0.0035 j

In these measurements the stability of the direct
current (nominal 5 V: 14 A) supplied to the tungsten
ribbon lamp was monitored with the potentiometer,
and the varnation of this current was less than one
part in 10% during a series of 15 consecutive meas-
urements (5 min).

Following the four stability tests discussed earlier,
a consecutive series of six measurements were made
to determine the reproducibility of transmittance
measurements. To this effect seven Schott NG-4
neutral glass filters were placed in the automatic
sample carrying system and the data acqnisition and
sample changing operations were performed auto-
matically through the computer unit. As mentioned
previously, the sample carrying system can accept
seven samples in positions 2; 4; 6: 8: 10; 12; 14, and
eight intermediate positions 1; 3; 5; 7; 9; 11; 13; 15.
The odd numbers correspond to measurements of
the nonattenuated radiation beam passing through
air and are marked Iy, while the even numbers cor-
respond to measurements of the attenuated radiations
after passing through the absorbing material and are
marked I. The uncorrected transmittance, T, is then

ol
Io

The radiation flux from the tungsten ribbon filament

lamp was attenuated with the circular neutral wedge
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until a photocurrent corresponding-to about 2.0020 V
was obtained for the nonattenuated beam /o. The photo-
multiplier tube was supplied with 850 V and the 30
M resistor was used at the current-to-voltage con-
verter. For every position. 50 digital voitmeter readings
were taken bv the computer at a rate of 10 to 15 per
second. The average value was printed aiong with
the sample position. the standard deviation, the rela-
tive standard deviation, and the transmittance values

for the glass filters 2; 4; 6: 8; 10; 12; and 14:

14 18
T2=—23 Ty=  Te= ;etc. ...
R+ R+1 T R+
2 2 2

"until the seven glass filters were measured. This

sequence was repeated six times and the results are
given in table 5.

As can be seen from these data, the reproducibility
of sequential transmittance measurements can be
performed with an average standard deviation of
0.010 percent for a single determination.

IV. Wavelength Calibration
The wavelength scale of the monochromator is

provided with a counter which indicates wavelength
directly in idngstroms. This counter is checked for



Tasie 3. Stability of the current-to-voltage converter and the photomultiplier tube at 850 V and exposec 1o the
radiation of a tritium activated flucrescent source

Average of 50 ingividual

Percent standarc

Replication messurements; voils deviation
1 1.536345 0.027;
2 1.336320 $.030¢
3 1.536196 0.022.
4 1.536289 0.023,
5 1.3361006 0.030
6 1.536117 0.031,
7 1.535916 $.025;
8 1.536065 0.023,
S 1.536179 0.629,
10 1.536003 0.023;
15! 1.536083 0.021,
12 1.535961 6.026,
13 1.536052 6031,
14 1.5360935 0. 0264
15 1.536092 0.026.
Average of replications 1.536122 )
Percent standard } First group
devization 0.0082 J
Average of replications 1.535768 3
Percent standard .l Second group
deviation 0.0095 J
Average of replications 1.535522
Percent standard l Third goup
deviation 0.0054 J

accuracy with a low pressure mercury discharge
lamp placed befere the entrance shit of the mono-
chromator. The following wavelengths were used
for calibration: 3650.2 A: 40466 A: 4077.8 A: 4339.2
A: 43475 A: 4358.4 A: 4916.0 A: 5460.7 A: 5769.6 A:
and 5790.7 A. If additional reference wavelengths
are needed, a Cd-Hg or a He-discharge lamyp could be
used for calibration. The wavelength counter was
then checked using the procedure recommended bv
Gibson [2]. and 2 shit of 0.1 mm which is equivalent 10
an cficctive speetrai bandpass of 0.08 nm. The devia
tion of the waveléngth counter from the true value
was found to be less than — 0.1 nm: hence no wave-
length correction was applied to the measurements
discussed here.

V. Stray Radiation

Tests were made to determine the stray radiant
energy (SRE) in the monochromator proper. as
well as in the photometric arrangement. The measure-
ment of stray radiation in the monachromator, that is,
the radiation energy at wavelengths different from
those of the nominal spectral bandpass transmitied
through the instrument, is not easy or infallible. A
detailed discussion of this instrumental parameter was
given in an ASTM Tentative Method [35] and the pro-

cedure recommended in this work was used 1o deter-
mine SRE in the biue and vellow spectral range. In this
procedure, a solution of methylene blue, which has a
strong absorption in the range from A 600 to 660 nm is
used. The SRE using a slit of 1 mm (0.8 nm) was equal
10 or less than five parts in 105

The SRFE generated incide the photometric system is
defined as the radiant energy which falis on the
photusensitive detector without passing through the
absorbing sampie. This SRE is usually produced by
rcflections and scattering of radiations on the optical
and mechanical paris located between the exit slit of
the monochromator and the integrating sphere. The
measurements were performed using a slit of 1} mm by
placing a front surface mirror at the sample position,
which reflects to the instrument all radiations received
from the exit slit imaged at the mirror surface. The size
of this image was about 8 mm high and 1 mm wide. In
this way, a maximum SRE was generated in the
spectrophotometer. The measurements were then
performed at A 577.3 nm, using a radiation flux intensity
five times greater than that used in routine trans.
mittance measurements, by determining the dark cur-
rent of the photomultiplier with the shutter in the
closed position at the integration sphere. An average
dark current of 0.040 mV was observed. The mirror
was then placed at the sample position, the shutter
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TaBiLE 4. Stability of the current-to-voitage converter, the photomultiplier tube at 850 V, and the tungsten ribbon
filament lamp

L Average of 50 individual Percent standard
Replication r L.
messurements; voits deviation
1. 2.002395 0.038
2 2.001356 0.022
3 2.002145 0.024,
4 2.000975 . 0.026,
5 2.001944 . ‘ $.020;
6 2.000925 0.028,
T 2.001832 0.026,
8 2.000825 0.023s
S 2.001551 - 0.026,
i0 2.000960 0.021:
11 2.00173% 0.023.
12 2.000851 0.024.
13 2001729 £.028,
14 2.000825 0.023,
i5 2001557 1.024,
Average of repircations 2 taa ‘ ;
Percent standard First group
deviation ' 0.026 i
Avcrage of replivaiivus 2.001517

. .
Percent standard Second group

deviation AR j

Average of replications 2.000826

Percent standard = Third group
deviation ) 0.025 -

Average of replications 2.001268

Percent standard Fourth group
deviation 0.027

TasLe 5. Reproducibility of transmittance measurements on seven Schott NG—4 giass filters No. 2: 4; 6; 8; 10:
12: and 14

Percent transmittance
Replication No. |

2 4 6 8 10 12 14
1 33.327 21.711 12.236 50.990 33.377 20.006 13.473
2 .33.325 21.710 12.237 50.983 33.377 20.903 13.471
3 33.321 21.711 12.241 50.992 33.383 20.900 13.474
4 33.320 21.708 12.240 50.988 33.375 20.901 13.470
5 33.323 21.710 12.239 50.983 33.379 20.901 13.474
6 33.325 21.710 12.238 50.986 33.377 20.904 13.470
Average 33.32 21.710 12.238 50.987 33.378 20.902 13.472
Percent o 0.0080 0.0051 . 0.0150 0.0072 0.0083 0.0108 0.0141
Average percent o 0.010
was opened and measurements were made again. » VI. Linearity Control
The average value found was 0.037 mV. This indicated
that no SRE could be detected under the experimental The single-beam static optical system described in
circumstances. this work permits the unequivocal use of the radiation
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addition principle by means of the double-aperture
method for determining departure from lineanty of the
entire optical. photometric. and electronic system, and
thus of the photometric accuracy of transmittance
JImeasurements. o

‘The double-aperture and its positioning on the
optical bench was described earlier. Its use will now
be illustrated. and follows the procedure developed
and used at the National Phvsical Laboratory.

Since the linearity of photometric data for a given
photomultiplier tube depends on the anode voltage.
the values at the current-to-voltage converter, and
the ambient temperature. al! measurements were made
using identical experimental conditions. These same
conditions were maintained when transmittance meas-
urements were performed. Since the lineanty is.
within 1 part in 1{¢, noi usuelly a function of wave-
length [36]. 2ll measurements were performed at A
565.0 nm. A :recent study of this parameter ai NBS by
Mielenz and Eckerle indicaies that there may be a
relation between wavelength and linearity at the leve!
of 1 part in 10° [38].

The intensity of the radiation fiux produced by the
tungsten ribbon lamp was attenuated with the circular
neutral wedge until z photocurrent equivalent to
2.0020 V was obtained when both apertures. A and
E. were oper. A setting oi 850 \ was used at the photo-
mulupiier tube with a 36 MQ) resisior ai tne current-
to-voltage converter. Fifty individual DVM readings
were taken and the average value for (A= B) was
printed. Aperture B was then closed. and 50 DVM
readings were taken. The average value for aperture
A was printed. The average value for aperture B was
then obtained in a similar manner by closing aperture
A and opening aperture B. This sequence was repeated
three times. ending with an (4 — B) value.

ldentical measurements were made over a range of
attenuation corresponding to 4 cascaded steps of 2
to 1 a: illustrated in the actual example which follows:

Step i A=+ B) A B
2.0014- 1.015Y¢ 0.9864,
2.0015 1.0159, 0.986+¢
2.0020¢ 1.0164. 0.9862;
2.0021, 1.01598 -+ 0.98635=2.00233
Av. 2.00181
Diff. 2.00233 — 2.00181 =+ 0.00052
% Corr. =—0.026
Step 2 (A+B) A B
1.00044 0.5102, 0.4910,
1.0007x 0.5099 0.4909,
1.0006, 0.5100, 0.4911,
1.0009, 0.51007 + 0.49105=1.00112
Av. 1.00071
Diff. 1.00112-1.00071 =+ 0.00041
% Corr. =—0.041
Step 3 (A+B) A B
0.5006. 0.2565;  0.2443,
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0.5003s  0.2567;  0.2443;
0.5007,  0.2566;  0.2443,
| 0.5006.  0.25665 + 0.24433 = 0.50098
Av. 0.50063
Dif. 0.50098 — 0.50063 = -+ 0.00035
% Corr.  =—0.069
Steép 4 (A+B) A B
1 0.2502,  0.1287,  0.1217s
0.2502¢  0.1285  0.1216
0.2501s  0.1285,  0.1210
0.2502;  0.12861 + 0.12170= 0.25031
Av. 0.25023
Dif. 0.25031 — 0.25023 = + 0.00008
% Corr.  =—0.031

The correction curve is established from these data
by plotting voltages on the abscissa and the corre-
sponding additive correction value on the ordinate.

“These are tabulated below and illustrated in figure 16.

B =
- -ocsE— =
) [ -
u 3
= - -
L =D 0— —_
S -cuse =
‘g 4 =
S onob vouTs 3
B 0250% 03¢ 100 150 200
Pl . | : o _
625 125 25 50 75 10C
%7
FiGURF 1o. Linearitv correction curve.
Voltage % T % Correction of & T
2.00 100 0.0
1.00 50 0.026
.50 25 0.067
0.25 12.5 0.14
0.125 €.25 0.167

When transmittance measurements are performed.
the Io reading is initially set with the circular neutral
wedge to a value near 2.0020 V. The ] value is then
measured. 1f the initial J,=2.00214 V and final
16=2.00225 V and /= 0.54220 V, then percent T is:

0.54220
2.00214 + 2.00228
2

X 100=27.081

which is the noncorrected value. To correct this value,
one takes from the ordinate of figure 16 the value
corresponding to 0.54220 on the abscissa which, in
this case, is 0.072. The corrected percent T value is

then:
7.081 X 0.072
27‘ — | e—————— ) == . .
081 (2 T ) 27.061



Mielenz and Eckerie have studied recenty the
double szperture method for testing photometric
bnearity, and have used a curve-fitting procedure
for finding the nonlinearitv correction rather than
the method described earlier {38).

Vil. Sompte Pesition

A series of measurements were performed to deter-
mine the magnitude of error which could cccur when
the sample is oriented with its entrance face at an
angle to the incoming radiztion beam. The singie
sample holder provided with the rotating table. as
described in section II, paragraph c. was usec. Trans-
mittance measurements were performed by producing
the image of the exit slit of the monechromator at the
entrance face of the sampie (aperture £:10). The data
are shown in tabie 6. The consequence of this condition
on transmitiance measurements is discusse€ bY
Mielenz in this Journal.

TABLE 7.
Percent Transmittance (%7) at
14 for hiters 4, B,
Rur No. A B [
%7 27.08 16.%4 46.39
i St
No 2 : [
%T 27.07 16.40 46.39
I S
No. 14 2 4
%T 27.08 16.43 46.39
{1l Sc
No. 10 12 14

Transmittance measurements were then performed
on all filters for the three different arrangements and
the results are given in iable 7. From these data it can
be concluded that the seven stations are interchange-
able and will produce measurements which will not
differ by more than one part in one thousand.

VIIl. Influence of Polarized Radictions on
Transmittance Measurements

This effect was determined by measuring the trans-
mittance of a Schott NG~4 neutral glass filter at four
wavelengths using radiations emerging from the pre-
disperser-monochromator unit, and by projecting the
image of the exit slit (8 by 0.5 mm) at the entrance
face of the filter with a convergent beam geometry
corresponding to an f:10 opening. The glass filter was
checked prior to measurements with a polariscope for
freedom of internal tensions. Column one of table 8
shows the results obtained when transmittance meas-
urements were made using the radiations produced by
the spectrophotometer. Column two shows the results

Tapie 6. Percen: iransmmiiieance (9%7), measwed on
th neutral o lters 1.0: 1.3: and 2.0 .
three neutrai glass filters 1.G; 1.5; and 2.0 mm
thick at A=440 nm, at three angies of
incidence
Angie of Fijter Fiiter riiter
incidence 1.0 mm iSmm 20 mm
Nermal incidence 32.9%s 15.83 11.60¢
1¢ 32.89 19.83; 11.60¢
pag . 32.86; 19.834 11.5G,
3 32.88, i6.81, 11.58¢
Similar measurements were made ic determine the
identity of positions on the seven-sampie automatic

changer described in
this experiment, seven
E; F: anéd G were
holders 2; 4: 6: & 10;

errangem &s cescribed

section I, paragraph c. ¥or
neutral giass Siters A; B; C;
used and were positioned iz
i i4 in three different

She
asy

w

Evaiuvation of the identity of the seven stzations of the zutomatic sample changer

tation number iSt. No.j 2; 4: 6: 8: 10: 12:

é. D.E.F.2and G 2t A=4650 nm =
9] E 13 G
26.12 5.22 37.35 23.23
3 16 12’ 1
26.11} 15.21 37.34 23.23
] g 10 12
26.11 15.21 37.33 23.23
2 + 6 8

obtained when a polarizing sheet, with the vibration
plane horizontal, was placed in front of the glass filter.
The measurements obtained with the vibration plane
in vertical position, are given in column three.

These measurements show that polarized radiations
san affect transmittance measurements of solid
glass filters when noncollimzted beam geometry is
used. This effect is predicted by the Fresnel equations
mentioned in the introduction and should disappear
when collimated radiations are used (1, pg. 100).

Xl. Comparison of Transmittance 4
Measurements

Two sets of solid filters were used in a comparative
test to determine the reproducibility of transmittance
measurements between two laboratories. One set was
made from three neutral glags Schott NG—4 filters hav-
ing nominal percent transmittances of 10; 20; and 30.
The second set was made as described elsewhere [4].
Three evaporated metal (Inconel) on fused quartz
(nonfluorescent) plates having nominal percent
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%T
Produced by Polarizer. Polarizer,
Wavelength spectro- plane of plane of
nm photometer vibration vibration
horizontal vertical
1 2 3
440.0 19.81; 19.80, 19.78¢
465.0 22.59; 22.60, 22.56,
590.0 19.17, 19.17,¢ 19.09¢
635.0 20.61; 20.60- 20:54;

glass filier

Tasie 8. Effect of polarization on percent transmittance (%1) measured at four wavelengths on a Schott NG—4

% Difierence

%T} - ‘707:

- 013
- 0.12
—0.4]
- 031

transmittances of 25: 50: and 75 were used. The trans-
mittance measurements were performed on two sets of
filiters at the Natijonal Physical Laboratory (NPL) in
England using their high accuracy spectrophotom-
eter, and at NBS on the instrument described in this
paper. The measurements at NBS were carried out
before and after the measurements at NPL. All
measurements were made with noncollimated conver-
gent beam geometry. A rectangular surface of the
filter about 3 mm by & mm was used at NPL.and the
beam was onlv slightiv convergent. At NBS an area
about 8 mm by 0.5 mn; was used for the transmittance
measurements.

The results given in table 9 indicate that an average
difference of —0.19 percent of the values was obtained
between the measurements carried out at NPL and at
NBS. An average difference of —0.30 percent of the

value was found when similar measurcments were

performed on the inconel-on-quartz filters, as shown in

able 10.

X. Standard Reference Materials for
Spectrophotometry

The need for providing means and materials tc
check the proper functioning of a spectrophotometer
was discussed in some detail in previous publica-
tions [3. 4. At that time it was established that the
accuracy of the photometric scale is a critical and most
demanding parameter in spectrophotometry. Hence.
particular attention was given to a number of ways for
checking this parameter. Investigations showed that
solid colored glass filters, exhibiting optical neutrality
over the spectral range from 400.0 nm to 700.0 nm,
would constitute an acceptable Standard Reference
Material (SRM). From the various colored glass

Tapir 9. Comparison between the percent transmittances (o7 ) measured on three Schott NG—4 glass filters

at NPL and NBS

Wavelength NBS. %T NBS. %7 NBS. %T NPL. %7T 9 Dif’.
nm March 12. May 18. average February NBS 10 NPL
1971 1971 1971

440.0 12.92 12.9] 12.91, 12.93 - 0.11
465.0 14.96, 14.98 14.97; 15.03 - 0.25
590.0 1:.70 11.64 11.67 11.67 0.0
635.0 12.72 12.68 12.70 12.72 - 0.16
440.0 19.625 19.58 19.60, 19.62 - 0.09
465.0 22.38 22.35 22.36, 22.43 -~ 0.28
590.0 19.06 18.95 19.00; 19.01 —0.03
635.0 20.454 20.37 20.41, 20.47 —0.23
440.0 32.89 32.86 32.87; 32.98 — 0.32
465.0 35.52 35.54 35.53 35.66 - 0.36
590.0 31.165 31.10 31.13, 31.21 —-0.25
635.0 32.565 32.52 32.54; 32.62 - 0.24

Average difference between NBS and NPL percent T values=— 0.19 percent.

filters available, Schott NG—4 “neutral glass” was
selected, prepared and characterized. 1t is now offered
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by NBS as a means to check the photometric scale of
spectrophotometers.



Tapiz 10. Comparison between the percent transmittances (%7) measured on three inconel-on-silica filters ai
NPL znd NBS
Wavelength NBS. %7 NBS. %T % Diff.
am R 2 average NPL, %T NBS to NPL
450.6 24.87 24.88 24.87s 24.93 —0.18
550.¢ 23.78 23.82 23.8C 23.86 - 0.25
656.6 23.38 23.3% 23.38, 23.46 - 0.32
450.¢ 49.35 49.33 +9.3% 19.56 - 0.44*
550.¢ +1.60 £7.60 37.60 +7.81 - 0.4
65C.C £.85 36.85 +6.85 47.14 - 0.64
150.6 72,37 72.20 72.18, 72.30 - 016
550.C 72.08 T2.% 72.08 72.20 —-0.17
'63C.C 72.20 72.34 72.27 72.33 - 0.08
Average difference hetween NZ3 and NPL percent T vaives == (.30 percent.
“This iiter had a Haw in the form of a crack which was scmetimes visible and other times invisible. The larger difierences found in

SRM 930. deveioped in the An
Division and avaiizble since Marc
three glass #iters. Each hiter bears an identification
number. and the upper lett corner has been removed
to indicate correct orientation in the metal holder
thg. 17).

The transmittance measurements were made with
the high accuracy spectrophotometer described in
this paper, and are certified with an uncertainty of
=+0.5 percent of the value. This uncertainty is the
sum of the random errors of =0.1 percent (2SD
limit) and of estimated biases which are =0.4 per-
cent. These biases are due to possible systematic
errors originating principally from the inherent
inhomogeneity and instability of the glass as well
as from positioning of the filter. Measurements were
made at 24 °C, and variations within several de-
grees Celsius of this temperature will not signifi-
cantly affect the calibration of the filters. The neutral
NG-4 glass for the filters was provided by Schott
of Mainz, Germany and is designated as *Jena Colored
and Filter CGlass.” Nominal transmittance for a
filter 1.5 mm thick is 20 percent at 400.0 nm wave-
length and 32 percent at 700.0 nm wavelength. Be-
tween these limits the transmittance varies in a
monotonic manner.

The filter is held in a frame and the size and shape
of the filters and frames were selected, for practical
considerations, to conform to the dimensions of the
standardized cuvettes for which holders are supplied
in most conventional spectrophotometers. The filters
are approximately 1.0, 1.5; and 2.0 mm thick. Cor-
responding to these thicknesses are nominal trans-
mittances of 30, 20, and 10 percent, respectively.
These thicknesses were selected to provide a means for
calibrating the photometric scale at three different
levels. :
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The effective spectral bandpasses used to determine
the ceriified vaiues were equal to or smaller than2.2 nm
at 440.0 nm: 2.7 nm at 465.0 nm; 5.4 nm at 590.0 nm;
and 6.0 nm at $35.0 nm. The transmittance measure-
ments are made bv producing the image of the slit
tabout 8 mm bv 0.5 mm) using a convergent beam
geometry with an opening of f:10 corresponding
to an angle of 7° to 8° in the middle of the entrance
face of the filter. This beam geometry was used to
reproduce the average experimental conditions
found in most of the conventional spectrophotom-
eters available today. Prior to the certification, each
filter is examined for surface defects and thoroughly
cleaned. If. through handling, the surface of the
filter becomes contaminated, it may be cleaned
with a small soft brush attached to a rubber tube
connected to a vacuum source [40]. If contamination
results from fingerprints, they must be removed
before making measurements. This may be accom-
plished by removing the filter from its holder, breath-
ing lightly on it, and rubbing the surface gently
with optical lens tissue. The clean filter is then properly
positioned in its holder. To remove and replace the
filter in the holder, the spring-loaded plate should
be lifted with care 1o prevent damage o the filier.
As little handling as possible is recommended. SRM
930 should be used according to the directions on
the certificate; consult the manufacturer of the
instrument if differences are obtained that exceed
those specified by the manufacturer.

Under no circumstances should other cleaning
procedures which make use of detergent solutions,
organic solvents, etc. be applied.

When a filter has become contaminated beyond
cleaning by the procedure described in the certifi-
cate, it should be forwarded to NBS. After proper
cleaning, the filters will be checked and, if needed,
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recalibrated using the high accuracy spectrophotom-
eter described in this work.

It was already stated that the accuracy of photo-
metric scales defines only one of the parameters re-
quired for obtaining accurate transmittance values
and molar absorptivities. Other factors must also be
established. These are wavelength accuracy. adequate
spectral handpass, stray light, cell parameters (when
solutions are measured), fluorescence. polarization,
reflection, and temperature coefficient. Some of these
variables were discussed in NBS Technical Notes 544
and 584 and are alse examined in this paper.

The transmittance data given in the certificate
which accompanies each SRM 930 depend not only
on the intrinsic properties of the glass and the ex-
perimental measurement conditions. but on the surface
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state of the glass. This parameter varies with time
and exposure conditions. When glass is exposed to
normal room atmosphere and temperature. its surface
i corroded to an extent depending on the composi-
tion, time of exposure. concentration, temperature
and nature of the glass surface acting agents. This
action produces a change in the reflecting and trans-
mitting properties of the material {41} For instance,
a well-known phenomenon called ‘“‘blooming™ of the
glass is due to the formation of an SiO laver at the
surface of the glass. This layer, which increases the
transmittance. acts as an antireflection coating. The
speed with which such a layer is formed varies with
the composition of the glass, the atmosphere and time.
Generally speaking, several years are needed for a
fresh surface to reach equilibrium. This, and similar



phencmena ere presently being studied, along with
means to stabilize the surface state of giass filers.
Until more information is acquired in this field, we
recommmend that the colored glass filters issued as
SRM 930 be rechecked annually to determine whether
any physicochemical changes, which might affect the
transmittance values, have occurred.

Ancther important factor is the need for defining
and producing a clean glass surface. Until now the
final cleaning of the: NG—4 filters was made with re-
distilled ethyl alcohol and pure water (thermally
distilied and deionized). Other clezning procedures
are under consideration.. The use of isopropyl alcohol
in vapor or liquid form associated with mild ultra-
sonic action is being investigated [41). .

The transmitiance characteristics of the SRM 530
limit the use of this material to the visible region of
the spectrum from about 400 om to the neer infrered.
Since the uitraviciet region. from zbout 200 nm is alsc
important o ile analvst who uses specirophotometric
methods, exploratory worx is underway to select and
certify solid meterial for checking he photometric
scale in this spectral region. Gotical fiters exhibiting
small tramemittance-waveiength dependence in the
spectral range 200 nm to near infrared can be obtained
by evaporating thin semitransparent layer of & metdl
on & suitable transparent substrate {42, 4], and such
flters have been considered in this work. The metalis
selected were inconei and chromium which exhibit
adequaie transmission cheracteristics ané good ad-
hesion to the substrate. The subsirate was nonfluo-
rescent fused quartz. A series of filters were prepared
by the optical shop at NBS according to the following
specifications: a number of nonfluorescent optical
quality fused quartz plates, 10 mm X 25 mm and } mm
thick, were cut and polished, Inconel or chromium
metal was evaporated on the surface to produce
nominal transmittances of 25, 30, and 75 percent.
The surface bearing the evaporated metal was coated
with a layer of optical cement which was transparent
to the visible and ultraviolet radiations down to 230
nm. A clear plate of the same material was ‘used to
cover and protect the evaporated metal layer.

The filter assembly was then marked at one corner
to insure its proper positioning and the finished filter
was placed in a metal holder of conventional size
(approximate o.d. 13 x13 x57 mm) fitting the cuvette
holder found in most spectrophotometers. The metal
holder was also marked at one side to permit posi-
tioning of the filier in a reproducible manner.

In addition to the evaporated metal filters, a number
of units were prepared using only the clear uncoated
fused quartz plates and assembled with the same
optical cement. When desired, these clear filter
assemblies could be used as reference samples in
the blank compartment.

Before submitting the evaporated metal filters to
transmittance measurements, a study was made of the
effect of radiations on their transmittances. A filter
was exposed to an accelerated test in which radiations
had the same spectral distribution as the flucrescent
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hghting of the laboratory, except that they were 1000
times more intense. The filter was exposed for an
equivalent of 36,000 hours of continuous irradiation.
This test was made on a radiation accelerator made
available by the Building Research Division of NBS.
The percent transmittance was measured before and
after the exposure and gave the following results:

Transmittance, percent

500

Wavelength, nm 25¢ 380 650
Before exposure 44 48 51.3$ 48.90 47.41
After exposure 44.11 51.34 48.92 47.47

The relative standerd deviation for a single deter-
mination of these measurements was 0.01 percent.
~s can be scen, the only significant relative change in
trensmittance of about (.84 percent of the value
occurred at 250 nm.

Severai sets of these filters were calibrated at five
selected waveiengths, 250 nm; 350 nm; 450 nm; 550
am; and 650 nm, using the cleaning and measuring
procedures- outlined for Schott NG~4 colored glass
neutral §iters. The resuits indicated that the repro-
ducibility of transmittance measurements is good
{percent standard deviation -0.009 to 0.024) and is
comparable to those obtained for the colored glass
&lters at all wavelengths except 250 nm. From the
experimental data, it is evident that the transmittance
of the evaporated metal filter at 250 nm is critical
and, at present, no satisfactory explanation for this
phenomenon can be given. A limitation of the evapo-
rated metal filters is that they attenuate the intensity
of radiation by reflecting a part of it, rather than ab-
sorbing. This can produce. in certain circumstances,
undesirable stray light in the instrument and make the
transmission measurements dependent on the geom-
etry of the optical beam. However, since these filters
are closer to optical neutrality than the colored glass
filters, and since they can be used in the ultraviolet
region as well, they were included in this work.

This limitation was apparent from the data ob-
tained in ‘a cooperative study conducted at C. Zciss
by A. Reule using conventional spectrophotometers.
On the other hand, a similar comparative test, made
on the same filters by F. J. J. Clarke at NPL has
produced the results presented in table 10. One can
observe that, in spite of the limitations mentioned
above, an agreement within —0.30 percent of the
value was obtained between NBS and NPL measure-
ments at the indicated wavelength.

Further studies will be needed to assess unambigu-
ously the transmittance characteristics of evaporated
metal-on-quartz filters, with or without a protective
quartz plate, and to assess their suitability as Standard
Reference Materials to check the photometric scale
of spectrophotometers in the ultraviolet and visible
part of the spectrum.



Xi. Addendum

The idéntification of commercial instruments and
products. is given in the Addendum only io permit
reproduction of the work described in this paper.
In no instances does such identification imply recom-
mendation or endorsement by the Nationa! Bureau of
Standards, nor ¢oes ii imply that the pa:ticula: q.z*j
ment or product is necessarily the best available for the
purpose.

Radiation source for visibie-—- Microscope

;a'“ <

tvpe 18A/T10/1P-6V: General Electric Co.. Lamp
Division. Nela Park. Cleveland, Ohio 44112, For ultra-
violet: Atlas single coil halogen ({Bromine} lamp.
type P1/8. 30V. 230W: GTE Svivania. Inc., 6610

Electronic Drive. Springfield. Virginia 22151,
Power supply ;" microscope lamp, Kepco. Modei

JOE 15-30-M-VP: Kepco, Inc.. 131-38 Sarford
Avenue, Tilushing, New York 11352. For iungsien-

helogen single flament lamp
Mode! JQE-36-30 Mi-VP.

Potentiometer: Leeds and Northrup Model K3 with

saimne

manu

null meter and power suppiy. Resisiors: Leeds and
Northrup 0.1, 50 A and 0.01, 100 Leeds and
Northrup. Sumneviown Pike. North Waies. Pa.
19454.

Nonfluorescent fused siiica: Dynasil Corporation o}
America, Beriin, New jersey 08309.

‘Neutral Densitv Attenuator and BaSUO, white paint:
Eastman Kodak Co.. Special Products Sales. Kodak
Apparatus Division, Eimgrove Plant, Rochester, New
York 14650.

Monochremator with predisperser: McPherson In-
strument Corp.. 530 Main Street. Acton. Massa-
chusetts 01720, ‘

Optical benches with carriers and a1 —1 sampile
holder with micrometer control: Gaertner Scientific
Corp.. 1201 Wrightwood Ave.. Chicago, Illinois 60614.

Lens holders: Arde! Instrument Co., Inc.. P. O.
Box 992, Jamaica. New York 11431.

Ball bushing” and raiis: Thompson Industries. Inc..
Manhasset. New York 11030.

Pneumatic cvlinders and accessories: Clippard
Instrument lLaboratory, Inc., Cincinnati, Ohio 45239.

Rotating table: Ealing Optice Division. 2725 Massa-
chusetts Avenue. Cambridge, Massachusetis 02140.

Thermostating holders for glass cells and giass
filters: Cary Instruments, 2724 South Peck Road,
Morirovia, California 91016.

Pneumatic ratchet system: Allenair Corp., P. O.
Box 350, 255 East 2nd Street, Mineola, New York
11501

Black paint—Nextel 101—c 10 .Black: Reflective
Products Division 3M, 2501 Hudson Road, St. Paul,
Minnesota 55101.

Photomuliplier 1ube EMI-9558QA: Gencom Divi-
sion, 80 Express Street, Plainview, New York 11803.

Power supply for photomultiplier tube: Model 415B
and digital voltmeter 8400A: John Fluke Manufacturing
Co., P.0O. 7428, Seattle, Washington 98133.

= O
& ety

t

nt source. Rete
O Can* c’ Vreos ion industries, Inc..
€30 h‘"t" AVG’]LQ New Y o*z\ New York 10020.
Colored glass neutral filters, Schott NG-4: 4
Schurmann Corp.. 70 Poriman Roac. New Quc*‘e‘.-s.
New York 108C2.
Speciral lamp: Oriel Optics Cor
S‘“m‘o c \,oxmec; cut 86902,
2 Polaroid Cerp.. 11§ Windsor
Sz.ree:. Cambridge, Mezssachusetis £2139.
: e znc¢ 1C b
Weston Insiruments

wWOIis.
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Errors in the measurement of the absorbances of liquid filters result from instrumental and chem-
ical uncertainties. This paper presents a systematic study of these variables on the absorbances of
selected filters. Three types of liquid filters are discussed. These are (1) individual solutions of high
purity compounds, (2) composite mixtures and (3) aqueous solutions of organic dyes. The accuracy of
the absorptivity data is established using NBS-calibrated glass filters. The magnitude of the errors
arising from spectral bandpass, beam g try, stray light, internal multiple reflections, and refrac-
tive index are delineated. Finally, as a practical outgrowth of this study, the development and issuance
of NBS Standard Reference Material 931, Liquid Absorbance Standards for Ultraviolet and Visible
Spectrophotometry, is described.

Key worde: Absorptivity data; accurscy; liquid absorbance standards; Standard Reference Materisls.

1. Introduction

In the use of filters for checking the accuracy of .
the photometric scale of spectrophotometers, one
needs materials which exhibit absolute spectral neu-
trality. Such ideal filters are not available at present.
The usé of the materials which have been suggested is
limited by instrumental and sample variables. For this
reason, one must carefully specify conditions which
define the other sources of errors.

The first part of this paper reviews several of the
more important instrumental parameters and dis-
cusses their effects on absorbance measurements.
Examples from the literature are given to illustrate
the magnitude of the errors arising from spectral
bandpass, stray light, nonparallel radiation, and
multiple reflections. The second part presents some
experimental studies of several materials which may
serve as calibration “filters” or standards.

H. Instrumental Parameters
A. Wavelength Accuracy

The absorbances of most samples are sufficiently
wavelength dependent that even in the most favorable
regions of maxima and minima a wavelength error of
1—2 nm can produce absorbance errors of a few
tenths of a percent. When performing measurements
on the slopes of absorption peaks, the wavelength
setting is ohvionsly much more critical and errors are
typically several percent per nanometer. Wave-
length accuracy, therefore,” becomes especially
important when making absorbance measurements
at, for example, an isosbestic point.
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A line source provides the most definitive means for
establishing the accuracy of the wavelength scale.
The best single.source is a mercury lamp which may
be used throughout the range of 200-1000 nm. For
calibration in the visible region, helium lines are
also useful.

Gibson [1]* has discussed the use of mercury and
helium sources and has listed those lines best suited
for wavelength calibration. Other sources which have
been used include neon, cadmium, cesium, and sodium.
The M.I.T. Wavelength Tables [2] summarizes the most
prominent emission lines of these elements. Not all
wavelengths are given and care must be taken in
using any of these lines in order not to confuse closely
adjacent lines with the one being checked. For those
spectrophotometers having a hydrogen or deuterium
source, the emission lines at 486.13 and 656.28 nm
(H) or 485.99 and 656.10 nm (D) may provide con-
venient checks at these wavelengths.

Calibrated holmium oxide and didymium glasses may
be useful secondary standards, particularly for check-
ing recording spectrophotometers in which a dynamic
check of the instrument is often .desirable. The
apparent absorption maxima of these filters, however,
may vary with spectral bandpass. Therefore, for the
highcst accuracy, they should be calibrated for the
spectral bandpass at which they are to be used.

In general, prism instruments require more frequent
calibration than the grating type because their dis-
persion is temperature dependent. Corrections in the
visible Tegion are of the order of 0.1 nm per degree
Celsius. Hysteresis effects must also be considered

Y ets indic
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and the wavelength settings should always be ap-
proached from the same direction.

B. Finite Bandwidth

Spectral bandpass differences undoubtedly account

for a significant portion of the discrepancies in molar
absorptivity values reported in the literature. Some
have resulted from the employment of inadequate in-
strumentation; others have resulted from improper use
of these instruments or complications arising from
solution equilibria.

Increasing the spectral bandpass at an absorption
maximum has two effects on apparent peak heights:
(1) the observed values are always less than the
true values and (2) the differences between the tweo
are proportionally greater at higher absorbances.
Thus, for a finite bandpass, a plot of absorbance
versus concentration or path length will always have
a smaller slope than it does in monochromatic radia-
tion and, in addition, will be concave to the con-
centration axis. Figure 1 illustrates these effects.
The reverse behavior will be -observed for measure-
ments at an absorption minimum. Meehan [3] has
given a simple example which verifies these two
effects mathematically.

ABSORBANCE

CONCENTRATION (PATH LENGTH)

FiGURE 1. Effect of spectral bandpass on absorbance: (a) Mono-
chromatic radiation (b) Finite bandwidth.

Consider that an absorbing system is illuminated
by two monochromatic radiations of wavelergths
A1 and A; and that the Lambert-Beer law is obeyed
at each wavelength with absorptivities a; and as.
If the effective intensities of the two wavelengths are
I, and I., respectively, the transmittance, T, is

T=(1,:10-0bc + I, - 10-028<) /(I + I,) 1)

where b=path length and c= concentration. f A\
is the wavelength of maximum absorption so that
a; > az,then
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1

=49

.lo—albc[l + r.10(¢1~az)bc] (2)

where r=1,/l;. The absorbance, 4, defined as — log
Tis

A= aibc+ log (1 +7r) — log [1+ r-10ta1-azke] (3)

which may be differentiated with respect to bc to.
give :

dAld(bc) = a, — [r(a; — az)10te1-az)c]/
[1+r-10te1-a2)¢] 4)
At low absorba_nces

__a1+raz

dA/d(bc)bc-0’_ 1+r (5)

whereas when bc becomes large, 1091%¢ >]1092%¢ and
the limiting slope is

dA]d(bc)be_ o= a.. ©)

Thus, the limiting absorptivity at low absorbances
is a weighted average of @, and a; while, at higher
absorbances, it is equal to a,, the smaller of the
individual absorptivities.

The theory for the correction of spectral bandpass
errors has been developed by Hardy and Young [4],
Eberhardt [5], and Broderson [6] Rigorous calculation
requires integration of the relation

I\S\dx

A ops=log——— ™
f 1,S,10-4dx

where 7, is the incident intensity and §, is the spectral
sensitivity of the detector. Equation (7) emphasizes
the fact that the observed absorbance depends not
only on the shape of the absorption curve, but also on
the wavelength distribution of the source and the
detector response. If I,S, is constant over the wave-
length interval used, approximate corrections for
spectral bandpass may be calculated by assuming a
Gaussian shape for the absorption peak and a tri-
angular slit function for the instrument. Some calcu-
lations are given in tablc 1 bascd on thesc assumptions.
The tabulated values of A, J4 agree closely with
those observed experimentally for 4 up to 1. As
shown by Broderson [6] however, for values of RBW
larger than 0.5, Agy/4 also depends on A and the
above treatment is no longer applicable.

C. Stray light

Stray light is defined as any light outside the spectral
region isolated by the monochromator that reaches the
detector. It is produced by scatter from the optics and



Dependence of Aqs on spectral bandpass
at an absorption maximum under idealized
conditions (see text)

TABLE 1.

RBW= AondA RBW?2 Aoe/A
0.0100 0.99995 0.0800 0.9970
0200 .9998 .0900 .9962
.0300 9995 .1000 29954
.0400 .9992 .2000 9819
.0500 .9988 .3000° 9604
.0600 .9983 .4000 .9321
.0700 977 .5000 .8987

a Relative bandwidth: Ratio of spectral band-
width to half bandwidth of fully resolved peak.

walls of the monochromator and is present in varying
amounts in all spectrophotometers.

Stray light can lead to varied problems in spectro-
photometry. Spurious absorption bands may arise in
some cases. More frequently, however, deviations
from the Lambert-Beer law are produced. These
deviations are positive if the stray light is absorbed and
negative if it is not.

Extensive literature exists on the detection, ineasure-
ment and mimization of stray light. Several of the
more useful papers are those by Hogness, Zscheile
and Sidwell [7], Perry [8], Slavin [9], and Poulson [10]
in which additional references may be found.

The amount of stray light present is proportionally
large in those wavelength regions where the trans-
mission of the monochromator, the source intensity or
the detector sensitivity are relatively low. These
regions, which should first be checked, are 200-230
nm and 600-700 nm. If a tungsten lamp must be used
in the range 350-400 nm, a visible cutoff filter should
always be employed.

The' quantitative assessment of stray light requires
the use of extremely sharp cutoff filters. Slavin [9]
and Poulson [10] have described a number of liquid
.and solid filters that may be used. Aqueous solutions of
thc alkali halides, for cxample, arc extremely usecful
in the ultraviolet. Care must be taken, however, that
light leaks in the cuvet compartment are not contribut-
ing to the observed results. The apparent stray light
will not vary appreciably with slitwidth if only instru-
mental stray light is present. In a quick test for light
leaks, the apparent stray light will decrease rapidly as
the slits are opened.

The stray light error encountered most frequently in
spectrophotometry produces a decrease in an absorp-
tion peak and leads to negative deviations from the
Lambert-Beer law. If it is assumed that none of the
stray Light 1s absorbed by the sample, the measured
absorbance is related 1o the true transmittance by the
expression [9]

Aps=log [(1~-T)S+T]? (8)
where § is the instrumental stray light expressed as a
fraction. The effects of several levels of unabsorbed
stray light on absorbance are given in table 2. Most

470-063 OL-T2-7

samples absorb sufficiently in other regions of the spec-
trum to filter out a proportion of the stray light. Thus,
indirect estimates of instrumental stray light based on
deviations from-linearity-are-generally low.

TasLe 2. Effect of unabsorbed straylightion absorbance

A Aobs
§=0.0001 S=0.001 §=0.01
0.1 0.1000 0.0999 0.0989
S 4999 .4990 .4907
1.0 .9996 .9961 9626
15 1.499 1.487 1.384
2.0 1.996 1.959 1.701

D. Nonparallel Incident Radiation

A perfectly parallel beam of radiation must come
from a point source and can carry only an infini-
tesimal amount of energy. The light beam in a spectro-
photometer always has some finite angular size. As a
result, the average light path is greater than the per-
pendicular distance between the cuvet faces. Meehan
[3] has considered the case in which the incident
radiation is convergent or divergent in one dimension
such as corresponds, respectively, to radiation focused
by a cylindrical lens or leaving a narrow slit. If © and.
R are the angles of incidence and refraction, re-
spectively, the path length of the extreme ray (fig. 2)
is b/cos R and the absorbance of this ray is 4/cos R.
Other rays enter at smaller angles and the observed
absorbance is given by

F-—

s | T |

e b »
FIGURE 2. Nonparallel‘incidem radiation [3]. Reprinted by permis-
sion of John Wiley & Sons, Incorporated.

e 1/cos RdR.

(]

Aops=A[Rax 19)

For this relation to hold, the incident beam must be
uniform over its cross section. Evaluation of this
integral for Kpax of 2-1U° (Opax=2.7"-13.4%) gives
the following percent errors in A (table 3). Thus, for
angles of incidence up to 5 degrees, the absorbance
error is less than 0.1 percent.

E. Multiple Reflections

On passage of light through a cuvet containing
solvent or sample solution, some radiation is reflected
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TasLe 3. Dependence of absorbance error on nonparal-
lelism of incident radiation

R...x, degrees Opnay, degrees Percent error in 4
2 2.7 0.020
4 5.3 .081
6 8.0 .18
8 10.7 33
10 13.4 ) 51

at each of the two air-glass and the two glass-liquid
surfaces. For perpendicular incidence, the fraction
f reflected on passing from a medium of refractive
index n; to a second having retractive index np is
given by the Fresnel expression

=
14 N2

For an air-glass surface, f=0.04 and for a glass-
liquid surface, f= 0.0035. When more than one surface
is involved, the effects of multiple reflections must be
considered. The essential question when dealing with
liquid filters is whether the solvent completely compen-
sates for such reflections. According to Goldring
et al. [11], it does not. They consider the case where the
reflections from surfaces perpendicular to the
light beam on the two sides of the sample: are grouped
together to form two effective reflection coefficients, ry

and rz, as shown in figure 3. Considering only first and
second order reflections, the observed absorbance is

. f

: ](-n) Po

(10

4
RT- BT,

P, P
13RI P RTn-T-Try|-
T=1 T<I
SOLVENT SAMPLE
Ficure 3. Internal multiple reflections [11}. Reprinted by permis-

'sion of the American Chemical Society.

P, (A—ri+nirs)

EpT O—rtnnr) O

Aobs=log%;=lo

which, after transformation and series expansion, can
be reduced to the following expression:

Aope=A+0.4343 (1—T2) 1”_—'2r 12)

Considering only the reflections from the two cuvet
faces and that r;=r;=0.05, the variation of A, with
Ais
A 0.1
Acs 0]004 0.2007 0.5010 1.0011 2.0011

02 05 1.0 20
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Thus, because of internal multiple reflections, the
measured absorbance should always be larger than the
true absorbance with the percentage difference being
greatest at low absorbances. Verification of these
deviations is difficult experimentally. Goldring et al
[11], however, have suggested ways of minimizing
reflection effects. These include positioning the cuvet
at a small angle to the beam and stopping down the
detector surface, immersing the cuvet in a fluid con-
tained in a larger rectangular cuvet turned at an
angle to the beam, or by using a cuvet with prismatic
windows. In each case, the effective path length must
be determined separately. Other alternatives consist
of using cuvets constructed of absorbing materials or
immersion of a glass filter into the sample. For a
limited wavelength range, reflection errors can also be
reduced by coating the external window surfaces
with anti-reflection layers.

In addition to reflections from the cuvets, reflections
from other surfaces must also be considered. Gibson
[1] has pointed out that reflections may occur from the
surfaces of the slit and detector and has suggested a
means for checking this source of error. A thin glass
plate is placed in its normal position at right angles
to the beam and then at a small angle from this posi-
tion. In the second position the reflected energy is
directed out of the beam while scarcely affecting the
true absorbance.

F. Cuvets

The majority of absorbance measurements are
performed on solutions and, in such instances, the
cuvet becomes an integral part of the measurement
system. Presently, the uncertainty in the length of the
light path can be a limiting factor in the determination
of molar absorptivity. Nonparallelism of the end
windows can be of even greater consequence. How-
ever, the effect can be minimized by using the same
cuvet orientation for all measurements. The uncer-
tainty in path length is nevertheless greater.

Cuvets are available in a variety of shapes and
sizes and may be made of glass or silica. Construc-
tion remains largely an art and cuvets may vary con-
siderably in their quality. Two methods of assembly
are commonly used. These are: (1) fusion using only
heat and (2) the usc of intermediate, low-mclting
glasses. At present, each has its disadvantage. The
first technique is the more desirable, but our ex-
perience, primarily with rectangular cuvets, indicates
that the edges are not always completely fused.
These surfaces exhibit capillarity and may become
serious sources of contamination. Under such condi-
tions, the cleaning of these cuvets is difficult, if not
impossible. The use of low-melting fluxes on the other
hand can produce strains because of differences in
coefficients of expansion and cuvets so constructed
are generally more fragile. '

Cuvets are frequently offered in matched sets. This
may be considered more of a convenience than a
necessity since this terminology is normally used onl
to describe the transmission of the window matériaf..



Path length and parallelism of end plates are of more
fundamental importance. Unfortunately, no generally
-accepted tolerances have been established in this
country for the construction of cuvets. The British
Standards Institution, however, has published a set
of specifications [12] which merit our consideration and
possible adoption. They recommend that the path
length be specified to =0.02 mm and the end windows
‘be flat over a defined beam area to four Newton fringes
per centimeter in mercury green light. It should be
feasible for greater accuracy, especially for the 10 mm
cuvets, to calibrate a limited number by appropriate
metrology techniques to = 0.01 mm.

lll. Evaluation of Selected Liquid Filters

4

This section is a report of our efforts to develop
well characterized liquid absorbance standards. Three
general types of liquid filters are discussed. These are
(1) individual solutions of high purity materials, (2) em-
pirical mixtures and (3) aqueous solutions of organic
dyes. Much of the emphasis has been placed on deter-
mining the optimum conditions for preparation of these
filters and, once established, what the absorbing
species or ionic compositions of these systems are.
By combining this information with the instrumental
considerations developed in the first part of this paper,
it is hoped that the resulting data represent a step
toward obtaining more meaningful absorptivity
measurements.

A. Instrumentation

Absorbance measurements at a fixed wavelength
were performed manually on a high precision double-
beam spectrophotometer provided with a double
monochromator. The accuracy of the photometric
scale of this instrument was established with .the
NBS high-accuracy spectrophotometer described by
Mavrodineanu [13). The wavelength scale was checked
with a mercury lamp. Potassium halide solutions [9,
10] were used to assess stray light in the ultraviolet.
- Room temperature was maintained between 24 to
26 °C. The cuvet compartment and jacketed holders
were thermostated by a circulating water bath. Copper-
constantan thermocouples were used to measure
temerature differences between the bath and the
sample solution. }

An electronic feeler gauge [13] was used to measure
the path length of the 10 mm rectangular cuvets
normally used. Solutions, assumed to obey Beer’s
law, were used for calibrating the 1 mm cuvets.

The accuracy of the microbalance was established
with NBS-calibrated weights. Class A, 1-liter volu-
metric flasks were checked gravimetically. All dilutions
were subsequently made by volume. To minimize
errors from cell positioning, borosilicate, Pasteur-
type pipets were used to transfer solutions to and from
-the cuvets.
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B. Individual Selutions of High Purity Compounds

1. Potassium Dichromate. Numerous attempts
have been made to use chormium (VI) solutions
as ultraviolet absorbance standards. In the early
studies [7, 14, 15, 16, 17] alkaline solutions of potassium
chromate were preferred. More recently, potassium
dichromate in slightly acidic media has been described
{18, 19, -20]. The absorption spectra of these two sys-
tems are quite different with the latter giving the more
desirable arrangement of maxima and minima (fig. 4).

The approximate composition of chromium (VI)
solutions may be derived from the following equilibria:

Hor | T |
I.10°M KoCr,0,/0.05N KOH
I 107 M K,Crp0,/ 1073 N HCLO,
0.8
]
4 0.6
«
©
-3
o
(%]
@ 0.4
<
0.2
2 1 1 !
220 250 . 300 350 400
WAVELENGTH, nm
FIGURE 4. Absorption spectra of 10— M Cr (VI) in 0.05 N KOH

and 103N HCIO..

K
H,CrO, = H*+ HCrO;

(13)
K,
HCrO; = H++ CrOz (14)
Ks
2HCrO; = Cr;05 + H:0. (15)

Some values reported for the equilibrium constants
K. Ko, and K at 25 °C are as follows:

K. =3.2 X10-7[22] and 3.0 X 10-7 [23]
K,=43.7]21], 35.5 [24] and 33.0 [25].

Thus, at a pH greater than 10, chromium (VI) exists
almost entirely as CrO5 ions while, in weakly acidic
solutions, the predominant species is HCrO; which
partially dimerizes to Cr:07. The amount of dimer
will increase with increasing chromium concentra-
tion. The formation of H:CrO4 or CrO5 can be es-
sel:iltia]ly eliminated by maintaining the acidity near
pH 3.



Much of the uncertainty that has arisen from the use
of acidic potassium dichromate solutions as potential
absorbance standards can be attributed to the dimeri-
zation reaction (eq (15)). It is primarily ‘this equi-
libium which leads to the observed deviations from
Beer’s law. Because of the range of valués reported
for K5, one of the first objectives of the present study
was to redetermine this constant. The spectrophoto
metric method was chosen and is described in some
detail below.

a. Spectrophotometric Determination of the
Dimerization Constant for: 2HCrO; =Cnr; O5
+H;0. If HCrO; ‘and Cr,O7 are the only Cr(Vl)
species present with molar absorptivities €, and e,

respectively, the apparent molar absorptivity, e€m,
will be given by

em=(1—a)e;+1/2- ae; (16)
where a is the fraction of total chromium in the
dichromate form. From eq (15) the thermodynamic
equilibrium constant of the dimerization reaction is

= Cr07]
ks [HCrOf]2 an
or, in terms of «

2(1—a)XCrr 92

where 7, and vy; are the activity coefficients of HCrOs
and Cr,07, respectively, and Crr is the total chro-
mium concentration. Because the ionic strength never
exceeded 0.01, the activity coefficients may be treated
by the Debye-Hiickel expression [25]

Az
1+

- log Yi= (19)

where Z is the ionic charge, I is the ionic strength and
A has a value of 0.509 1/mol at 25 °C. Equations (16)
and (18) can be rewritten to give, respectively,

e,,.=c!(]/2 62—61)+€l (20)
and
a 2412
I - .
og K3 IOg 2(1 __a)zch 1+Ill2 (21)

Assuming a value of K, one can calculate from eq
(21) the « values at various total chromium concentra-
tions. If the choice of K3 is correct, the measured
values of €, should lie on a straight line of slope (1/2
€2—¢€;) and intercept €, as seen from eq (20). The
best value of K; is then determined by the method of
least squares.

72

1. Experimental Procedure

The chromium (V1) solutions used in the subsequent
studies were prepared from NBS SRM-136¢, potas-
sium dichromate, which had been dried at 110 °C for
two hours. The distilled water was shown to be free
of reducing impurities by titration with a dilute
potassium permanganate solution. Perchloric acid
was used to maintain the pH at 3.0 +0.1.

The optimum wavelengths for the determination of
K; were chosen as follows: Two solutions were pre-
pared, one containing 391 mg K:Cr20;/1 and the other,
40.0 mg K:Cr;0+/1. The former was transferred to a
1.023 mm cuvet and the latter to a 10.00 mm cuvet. A
differential scan was then made on a recording spectro-
photometer equipped with a 0-0.1 absorbance (full
scale) slidewire, using the less concentrated solution
as the reference. The resulting spectrum is shown in
figure 5. Relatively large differences in absorbance are
seen in the wavelength regions near 275 and 385 nm
even though the total number of chromium atoms in
each light path is the same. Thus, it is in these two
regions that the largest deviations from Beer’s law
should be observed Three wavelengths were subse-
quently selected in each region for the determination
of K3-390, 385 and 380 and 280, 275 and 270 nm,
respectively.

006~ T T T ]
Qo5
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Ficure 5. Difference spectrum of 391 mg K:Cr:04/1 in 1.023 mm
cuvet versus 40.0 mg K:Cr.04/1 in 10.00 mm cuvet; pH=3

2. Results

The apparent molar absorptivities calculated
from absorbance measurements on the four chromium
concentrations used for the determination of Ks
are given in table 4. Using the method of least squares,
these €n values were plotted against the a fractions
calculated from eq (21) for various assumed values of
K3. The molar absorptivities were weighted according
to the reproducibility of the absorbance measure-
ments. A computer was used for all calculations.



A typical graph of the residual standard deviation
of the experimental €x values from the best straight
line fit is shown in figure 6 for K3 values of 28 through

36. The minimum in this curve is the best estimate
of K3 and, for the case shown, is 32.6. The K3 values
at the six wavelengths are summarized in table 5.

TasLE4. Apparent molar absorptivities, €m, of K:Cr.0- solutions at 25 °C; pH=2.9 (HCIO,)

€m JYmol-!cm~?

K:Cr;0; Conc.
mg/1
390 nm 385 nm
100.06 589.2 748.7
400.48 714.1 878.6
699.86 806.2 973.8
1000.27 875.9 1045.6

RESIDUAL STANDARD DEVIATION

28 30 32 34 36
Ky

FIGURE6. Least squares determination of K.

TasLE 5. K3 values at 25 °C as determined at several

wavelengths
A, nm K,
390 32.4
385 33.3
380 33.8
280 33.5
275 32.6
270 31.6
Avg. 32.9
. Std. Dev. 0.8

Rel. Std. Dev. 2.5%

380 nm ' 280 nm 275 nm 270 nm
865.1 1579.3 1718.6 1881.0
997.8 1758.2 1914.4 2069.8

1094.0 1890.0 2053.5 2208.0
1166.5 1988.2 2161.5 2313.6

b. Absorption Spectra of HCrO; and Cr;05.
The absorbances of three solutions containing nom-
inally 20, 40, and 60 mg K:Cr07/1 (pH=3.0=0.1)
were measured in a 10.00 mm cuvet at 5 nm incre-
ments over the wavelength range of 220-400 nm. A
close approximation of €(HCrO;) was obtained by
extrapolating the apparent molar absorptivities to
zero chromium concentration. This extrapolation is
simplified since the variation of « is nearly linear over
this concentration range. Similar absorbance measure-
ments were performed on three solutions containing
1000 mg K;Cr,0;/1 using a 1.023 mm cuvet and the
corresponding a value was calculated from eq (21),
with K;=329. The first approximations of 1/2-

‘€(Cr.07) values were obtained by substituting the

extrapolated €(HCrOj;) results and the above a
value into eq (20). The ¢(HCrO;) and 1/2 - (Cr.05)
values were then refined by successive approximations.
The calculated absorption spectra of these two ions
are shown in figure 7.
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FIGURE 7. Absorption spectra of HCrO;s and Cr.O7.

c. Molar Absorptivities of HCrO4 and Cr:07 at
350, 313,257, and 235 nm. As shown previously
in figure 4, the absorption spectrum of weakly acidic
solutions of K2Cr.O; exhibit maxima at 350 and 257 nm

73



and minima at 313 and 235 nm. These maxima and
minima do not shift significantly over the concentra-
tion range of 20-100 mg K,Cr:0:/1. This is con-
sidered a practical range for most applications since it
yields absorbances of about 0.1-1.5 for a 10 mm cuvet.

The molar absorptivities of HCrO3 and Cr.O5 at 350,
313, 257, and 235 nm were determined by the pro-
cedure described above and are given in table 6. The
€(HCrO;) values are estimated to be accurate to
+ 0.5 percent. Because of the imprecision of the K3
determination, the uncertainty of the dichromate
molar absorptivity values may be as large as =5
percent. ‘

Tasie 6. Molar absorptivities, €, of HCrO; and Cr.07
at 25 °C

€, 1 mol-! cm-!?

350 nm 313 nm 257nm 235 nm
HCrO; 1576 711 2100 1804
1/2'C120'7 1788 823 3156 2688

Table 7 shows the agreement between the experi-
mental and calculated apparent molar absorptivities
for five concentrations of potassium dichromate in
dilute perchloric acid (pH=2.92+0.02). The experi-
mental values are the averages obtained on five
individual samples measured at each concentration.
The 95 percent confidence limits for any given set of
measurements was 0.1 percent. The « values used are
also given. These are seen to vary nearly linearly over
the range of chromium concentrations employed.

d. Optimum pH and Choice of Acid. The
chromium (VI) solutions used in this study were pre-
pared in dilute perchloric acid media having a pH of
about 3. This acidity was selected because the existing
equilibria data indicated this pH limited the formation
of either HoCrO, or CrO3 to less than 0.1 percent of
the total Cr (VI) concentration. Perchloric acid was
chosen instead of sulfuric to prevent the formation of
chromate-sulfate complexes. Tong and. King [24] and
Davies and Prue [25] noted slight differences in the
absorbances of dilute perchloric and sulfuric acid
solutions after correcting for differences in ionic
strength. They attributed these differences to mixed
complex formation. More recently, Haight et al. [26]
have shown that the conversion of HCrOz to CrSO5 is
quantitative in 1 M HSOg7 solutions and that absorption
spectrum of this complex is significantly different from
the HCrO; spectrum.

Because most of the previous work reported in
literature has been done in sulfuric acid, it was con-
sidered of interest to intercompare these two systems.
The results are shown in each acid between pH 2 and 3.
At 350 nm the results obtained in perchloric acid are
consistently 0.1-0.2 percent higher than in sulfuric;
at 235 nm, they are lower. The relatively large increase
in absorptivity at 235 nm at pH 1.90, together with the
above considerations, suggest the formation of addi-
tional chromium (VI) species in systems employing
dilute sulfuric acid solutions. (See table 8.)

e. Effect of Temperature. The absorbances of a
solution containing 60 mg K. Cr.0/1in dilute perchloric
acid (pH=3) were measured over the temperature
range of 17 to 37 °C. The percentage change in absorb-
ance for wavelengths of 350, 313, 257, and 235 nm is
shown in figure 8. The results are uncorrected for

TapLe 7. Experimental and calculated values (E, C) of the apparent molar absorptivity of K.Cr.O; at 25 °C;
pH=2.9(HClO,)

€m, 1 mol - cm™?

K:Cr,O; Cone.

mg/l a 350 nm 313 nm 257 nm 235 nm
20.22 0.0090 E 1577.6 713.5 2113.6 1814.7
C 1577.9 7119 2108.7 1812.1

Diff. -03 +1.6 +4.9 +2.6

40.09 0.0178 E 1579.9 713.3 2120.8 1820.2
C 1579.8 713.0 2118.8 1819.7

Diff. +0.1 +0.3 +2.0 +0.5

60.12 0.0262 E 1581.4 713.8 2127.2 1827.1
C 1581.5 713.8 2126.7 1827.2

Diff. - 8.1 . 0.0 1 0.5 6.1

80.17 0.0344 E 1584.0 715.0 2137.6 1835.8
C 1583.3 714.8 2135.3 1834.4

Diff. +0.7 + 0.2 +2.3 +1.4

99.92 0.0423 E 1585.5 715.6 2144.0 1841.5
' C 1584.0 715.0 2143.7 1841.4

Diff. +1.5 +0.6 +0.3 +0.1
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TasLe 8. Apparent absorptivities, a, of sulfuric and Tase9. Apparent molar absorptivity of potassium

perchloric acid solutions of K:Cr,O; at
25°C; K:Cr207 cone,=0.050 g/l

a,lg ! cm-!?

pH 350nm 313nm 257 nm 235 nm

H.S0, 1.90 10.71¢ 4.83, 14.44, 12.43;
1.98 10.71, 4.83, 14.44, 12.415
990 1072, 483 1442 1240
3.00 10.73; 4.84, . 14.42; 12.38,

HCIO, 1.99 10.72, 4.844 14.444 12.39
3.08 10.74, 4.845 14.43, 12.38;
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FiGURE 8. Change in absorbance with temperature for acidic

solutions of K;Cr.0z; pH = 3 (HCIO,).

thermal expansion of the solvent. The absorption
minimum at 313 nm exhibits the smallest temperature
dependence (—0.02 percent per °C) while the maxima
at 350 and 257 nm and the minimum at 235 nm have
temperature coefficients of —0.05 percent per °C over
the range 20 to 30 °C.

f. K.Cr;0; in 0.5 M Na,HPO, and 0.05 M KOH.
To overcome some of the difficulties in handling
strongly alkaline chromate solutions, Johnson [27] has
recommended dissolving K:Cr,O; in 0.05 M Na,HPO,
at pH 9. The apparent molar absorptivities obtained in
this medium and in 0.05 M KOH are given in table 9.
As seen from the data, both systems appear to exhibit
deviations from Beer’s law of about three parts per
thousand over the concentration range studied. Al-
though this deviation is the same magnitude and direc-
tion predicted from uncompensated internal multiple
reflections discussed previously, we have not been able
to demonstrate experimentally that such reflections
are responsible for the observed results. Studies in
which the cuvet windows are coated with various anti-
reflection layers are continuing however.

chromate in 0.05 M Na,HPO,; and 0.05 M

KOH at 25 °C
0.05 M Na,HPO,

€m, ] mol-? cm=?
K:CrOy Conc., R —
MXx10 r 373 nm 274 nm

7 9.2 482, 370,

14 9.1 482, 369,

21 9.1 481, 369,

0.05 M KOH

K 483, 3705

14 482, 369

21 481, 369,

From a consideration of the equilibrium daia, the
absorbances in the two systems should be nearly
identical. The ivnic stiength of the 0.05 M Na.HPO4
is 0.15 and, from Neuss and Rieman’s work [22], the
ionization constant for the reaction HCrO3=H++ CrO35
is approximately 9X 10-7 mol/liter. Thus, at pH 9.1,
only about 1 in 1000 chromium atoms is present as
HCrO;. Since this species is less absorbing than:
CrO3 at 373 and 274 nm, the apparent molar absorp-
tivities in 0.05 M Na,HPQO, should agree with those
obtained in 0.05 M KOH to within 0.1 percent.

The absorbance of alkaline chromate solutions de-
creases with increasing temperature at both absorption
peaks. Between 17 and 37 °C, the temperature co-
efficient at 373 nm is —~ 0.09 percent per °C; at 274 nm,
it is — 0.06 per °C.

2. Potassium Nitrate. Aqueous solutions of potas-
sium nitrate exhibit a nearly symmetrical absorption
peak with A;., at 302 nm. This system has been
studied extensively by Vandenbelt [14] and by the
British Photoelectric Spectrometry Group in two
collaborative tests [28, 29]. Molar absorptivities re-
ported vary from 7.06 to 7.20 liter mol-! cm~1. This
range of values undoubtedly results in part from the
fact that KNO; solutions deviate significantly from
Beer’s law.

Careful reexamination of this system has yielded
the following apparent molar absorptivities (table 10).
These are seen to decrease rather markedly with

_increasing potassium  nitrate concentration. Several

factors conceivably contribute to this behavior. In
addition to possible multiple reflection effects already
discussed some ionic interactions are undoubtedly
possible in this system because of the relatively high
concentrations of solute required coupled with the
fact that the N—O bond in the nitrate ion has some
polar character.

The potassium nitrate used in the above study was
analyzed for commonly encountered impurities. After
drying at 110 °C, the water content was less than 0.02
percent. Flame emission analyses [31] indicated the
following levels of alkali and alkaline earth impurities
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(in parts-per-million): Li (<0.2); Rb (13); Mg (0.2);
Ca (1); Sr(4) and Ba (<2).

At 302 nm, the absorbance of KNO; solutions de--
creases with inereasing temperature. Over the range
17 10 37 °C, the temperature coefhcient is —0.14 per-
cent per °C.

Solutions stored for up to 'six months showed no
measurable change (< 0.1 percent) in absorbance.
Edisbury [29] has cautioned, however, that.some solu-
tions may develop bacterial whiskers on standing
Sterilization may be effected by prior boiling of the
distilled water.

Apparent molar absorptivity, €m, of aqueous
solutions of potassium nitrate at 25 °C

TaBLE 10.

€m, ] mol~! cm™?!

KNO; Conc., M ' 302 nm*
0.028 7.16¢
.056 7.14;
.084 7.12;
112 7.106
.140 7.09,

® Spectral bandpass=1.0 nm

3. Potassium Hydrogen Phthalate. High purity
potassium hydrogen phthalate (KHP) is readily availa-
ble. It is presently issued by the National Bureau of
Standards as a primary acidimetric standard. Its use
in the preparation of buffer solutions of known pH is
well established. It has also been used as a spectral
standard in the comparative evaluation of spectro-
photometers {11, 32].

The absorbance of KHP solutions is dependent on
acidity, as shown in figure 9. In the present study,
dilute perchloric acid solutions were employed to
minimize changes in ionic composition as a function
of pH. Acid concentrations much above 0.1 N could
not be used because of the precipitation of potassium
perchlorate. Subsequently, all solutions were prepared
to contain 10 ml of perchloric acid per liter with a
prH of 1.3. ,

Ringbom [21] has given the first ionization constant
of phthalic acid as 1.6 X10-2 at 25 °C at an ionic
strength of 0.1. At the pH used, the absorbing system
consisted of 97 percent phthalic acid and 3 percent
hydrogen phthalate ions. Table 11 summarizes the
absorptivity values obtained on these solutions. :

Absorbance decreases at the 275.5 nm maximum and
increases at the' 262 nm minimum with increaging
temperature. Over the range 17 to 37 °C the tempera-
ture coefhcients are —0.05 percent and + 0.05 percent
per °C, respectively.

Perchloric acid solutions of KHP (NBS-SRM 84¢g)
were examined for possible fluorescence, using a high
sensitivity spectrofluorometer. With 280 nm excitation,
a faint fluorescence was detected with A\, at approxi-
mately 350 nm. The possible effects of this fluorescence
on the absorbance data remain to be established.
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FIGURE 9. Absorption spectra of KHP- solutions at different
acidities. :

TasLE 11. Apparent absorptivity, a, of potassium hydro-
gen phthalate in dilute perchloric acid
at 25 °C; 10 ml HCIO liter

alg-tem-?
NBS SRM 84¢
Conc., g/l 275.5 nm 262 nm
0.034 6.33, 4.49,
.142 6.31, 4.48,

4. Cobalt and Nickel Sulfates and Perchlo-
rates. Aquo cobalt (II) and nickel (II) ions have rela-
tive broad absorption peaks with Ap. at 512 and 394
nm, respectively (fig. 10). Solutions of cither may serve
as useful absorbance standards. Most of the attention
to date, however, has been directed at cobalt sulfate
which was first recommended by Gibson [1].

In this study, the apparent molar absorptivities of
Co(H:0)¢? and Ni(H.0){? were examined in sulfate and
perchlorate media. All solutions were prepared from
the high purity metals by dissolution in H,SO.—HNO,
or HClO,~HNO; acids. Nitrate was removed by
repeated fuming until the acidity was reduced so that
on dilution to volume, a pH of 1 could be obtained. The
results obtained in the two acid media are given in
table 12. The values in sulfate solution are signifi-
cantly higher than in perchlorate media for both
cobalt and.nickel, suggesting that some complexation
of these ions by SO3 or HSO; has occurred. A differ-
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FIGURE 10. Absorption spectra of Ni(H:0):2 and Co(H.0):2.

Apparent molar absorptivities, €m of acidic
solutions of cobalt and nickel ions
at 25 °C; pH=1.0

TaBLE 12.

€m (512 nm)
1 mol-? cm—?
Co Conc.
g/l Sulfate  Perchlorate
24 4.88, 4.80;
12.0 4.86, 4.79,
€m (394 nm)
1 mol-! cm-?
Ni Conc.
gl Sulfate  Perchlorate
2.3 5.16; 5.09
11.5 5.154 5.07,

ential spectrum of 0.2000 molar cobalt solution in
sulfate against the same cobalt concentration in
perchlorate media is- shown in figure 11. In sulfate
solution, the formation of a second cobalt species with
Amax= 528 nm is indicated. Similar behavior was also
observed for nickel.

The absorbances of cobalt and nickel solutions at
their maxima are temperature dependent and increase
with increasing temperature. Between 17 and 37 °C
the temperature coefficients are 0.18 and 0.14 percent
per °C at.512 and 394 nm, respectively. To explain
their nuclear magnetic resonance data on cobalt(Il)
solutions, Swift and Connick [33] have suggested that
the octahedral Co(H:0)¢2 complex is in equilibrium
with the tetrahedral Co(H;0){? complex and that for-
mation of the latter is favored by increasing tempera-
ture. By analogy with halide complexes, the tetrahedral

0.020

ba
0.010

400 €00

500
WAVELENGTH, nm

FIGURE 11. Differential spectrum of cobalt sulfate versus cobalt
perchlorate; 10 mm cuvets; pH = 1. :

configuration would be expected to be approximately
one hundred times more absorbing than the octahedral
complex. A very small shift in this equilibrium could
result in a relatively large change in absorbance and
thereby account for. the large temperature coefficient
of this system. The same explanation may also be
valid for nickel solutions.

C. Liquid Filters of Improved Optical Neutrality

Two approaches have been used in an attempt to
improve the optical neutrality and extend the wave-
length range of liquid filters. One is based on the use
of empirical mixtures, while the other employs water-
soluble, organic “black” dyes.

In 1946, Thomson [34] described the preparation
of a grey inorganic solution consisting of chromic, cobal-
tous and cupric sulfates and potassium dichromate.
This solution, however, does not transmit below 300
nm. To extend the wavelength range farther into the
ultraviolet, a second exploratory solution (henceforth
referred to as the NBS composite) was prepared in
which the cupric and potassium dichromate compo-
nents of the Thomson mixture were replaced by p-
nitrophenol. The absorption spectra of these solutions
are comparcd in figurc 12 to a commonly used glass
fiker (Chance ON-10). The NBS composite was pre-
pared in dilute sulfuric acid and had a pH of 1. No
fluorescence was observed under these conditions.

Over the range 250-600 nm, the NBS compousite
exhibits several broad maxima and minima whose
absorbances are less dependent on spectral bandpass
than the Chance ON-10 glass. Examples are given
in figure 13 at two wavelengths for each.

The possible use of either Thomson solution or
the NBS composite as an absorbance standard is
limited by two factors, both of which arise from the
presence of chromium (III) in these mixtures. First,
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FiGURE 13. Variation of absorbance with spectral bandpass for
S composite and Chance ON~-10 glass.

an initial “aging” of 6—8 weeks period is needed in
order to achieve adequate spectral stability at room
temperature. Secondly, and even more critical for
our purpose, is that the absorbances of the aged
solutions exhibit a nonreversible temperature de-
pendence. They must therefore always be stored at
the temperature at which they were aged.

Hall and Eyring [35] have studied the constitution
of chromic salts in aqueous solution and have sug-
gested that during the aging process Cr(Hz0)¢? ions
polymerize to yield species of the type

+3

H
[ (]‘IzO)sCI_O—C!‘(HzO)s ] ’

H
/O>Cr(H20)4]+‘

[(H:0).Cr

LQ

and

+7

H H
[ (Hz 0)5—CP—O—CI'(H20)4—‘O*‘CT(H20)5 ]
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in which the observed increase in acidity is explained
by the formation of —OH bridges. Recent studies [36]
have shown that temperature, initial pH and the type
of anion present significantly affect the equilibrium
composition. Although refluxing can reduce the aging
period from several months to several hours, this is
of no practical advantage since the high temperature
products, on cooling, are no longer stable.

In addition to the investigation of empirical mixtures,
several water-soluble organic dyes have also been
studied. Some typical absorption spectra are shown
in figure 14. All of these dyes have high absorptivities
and the concentrations used were of the order of 50
milligrams per liter.
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\ — — NIGROSINE e
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o
(&)
Y
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400
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FIGURE 14. Absorption spectra of aqueous solutions of selected dyes.

Cibalan Black.[37], Neolan Black [37] and Alizarin
Light Grey [38] were selected for further evaluation.
Aqueous solutions of these dyes were found insensitive
to pH over the range 2-9, not affected by heat and
relatively light fast. Solutions continuously exposed
to fluorescent light exhibited an absorbance change of
about 1 percent over a period of two months. These
initial  results appeared -sufficiently promising te
warrant purification and more extensive testing
Members of the Organic Chemistry Section have
assisted in this effort. The purification of these dyes
has proven extremely dificult, however, and yields of
only a few hundred milligrams of each have been
obtained. Much larger quantities are needed if these
dyes are to be nsed ac Standard Reference: Materials.
More efficient purification procedures are presently

being sought.
D. Stondord Reference Material (SRM) 931

The first liquid absorbance standard to be issued by
the National Bureau of Standards is SRM 931. The
preparation and certification of this Standard Ref-
erence Material are described below. ,

The filters were prepared by dissolving high purity
cobalt and nickel in a mixture of nitric and perchloric
acids. The weights of cobalt and nickel were chosen so
that the absorbances of their aquo complexes were
approximately equal at their absorption maxima.
The absorbance of nitrate was adjusted to a com-
parable level by evaporation and subsequent addition
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FiGURE 15. Typical absorption spectrum of SRM 931.

of small amounts of nitric acid. The final pH of these
mixtures was about 1.

An absorption spcctrum of a typical filter is shown
in figure 15. The peaks at 302 and 512 nm are due to
absorption by NO; and Co(H.O)?, respectively.
The peak at 395 nm and the plateau at 650~700 nm
are due to Ni(H:0)g2.

The filters are supplied in 10 ml ampoules which

‘have been prescored for easy opening. An SRM unit

consists of three sets of filters, each set containing
a “Blank” (0.1N perchloric acid) and three absorbance
levels of the filter. Each set is packaged in an individual
tray for added convenience. )

The filters were calibrated by randomly selecting
ampoules from each lot. The certified absorbances
are as follows:

-Taste 13. Certification of NBS SRM 931

Net absorbance®

‘Wavelength and (Bandpass), nm
Filter 302(1.0) 395(1.7) ;12‘(27.70)7 7 678(&.5; o
“A”— ‘Blank’ 0.307 = 0.003 0.304+0.003 0.303+0.003 0.115+0.002
“B”— ‘Blank’ 0.608 = 0.005 0.605 =+ 0.005 0.606 = 0.005 0.229+0.003
“C”— ‘Blank’ 0.906 = 0.007 0.907 = 0.007 0.911 =+ 0.007 0.345+0.003

* Net absorbances “A”— ‘Blank,” “B” — ‘Blank,” and “C”—‘Blank’ were determined using 10.00

mm cuvets at 25.0 °C.

The uncertainties are given at the 95 percent confi-
dence level and include a possible systematic error of
+0.5 percent.

Absorbances are certified at 25.0 °C.. Absorbances
at other temperatures in the range 17 to 37 °C may be
calculated using the formula:

A;=A25[1 + CA(t-—ZS)]

where: A,=Absorbance at temperature t (°C)
Ass= Absorbance certified at 25.0 °C
~ Cy=Fractional change in absorbance per °C

The values of C, at the four wavelengths are given

below.

A, nm Ca
302 —0.0014
395 +0.0014
512 +0.0018
678 +0.0014

The absorbances of these filters will also depend on
the spectral bandpass used. To insure that the meas-
ured absorbances do not differ by more than = 0.1 per-
cent from the true values, the effective “spectral
bandpass should not exceed 1.5, 2.0, 3.3, and 8.5 nm at
302,395,512, and 678 nm, respectively.

IV. Conclusion

The availability of well characterized materials
from which the analyst prepares his own solutions is
amvouled aulds
CRAIAPFUMILU uql-uua-

Although the former are not as convenient to use, they
offer potentially greater accuracy because of their
better stability. ,

The potassium dichromate and potassium hydrogen
phthalate used in this study are issued by NBS as
primary oxidimetric and acidimetric standards (SRM
136¢c and 84g, respectively). The potassium nitrate is
presently issued as a thermal analysis standard
(SRM 756). A product of comparable purity may be

issuance of
issuance ot

prefersble to the
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obtained by repeated recrystallization of reagent-grade
material from distilled water. The cobalt and nickel
solutions are best prepared from the high purity metals
which are commercially available.

To cerntify absorptivities for these materials, one
must resolve the question as to how well these systems
obey Beer’s law. For acidic potassium dichromate, the
increased dimerization of HCrO; to Cr;07 with
increasing chromium concentration primarily accounts
for the relatively large deviations observed. With
potassium nitrate, one can only speculate that jonic
interactions are enhanced at the higher concentra-
tions. In neither instance are these deviations sufh-
ciently large to limit the usefulness of these materials
as liquid absorbance standards. Such deviations do
require that the absorptivity data be used with proper
precautions. _

Additional studies are needed to explain the 0.2-
0.3 percent deviations from Beer’s law obtained for
the various concentrations of alkaline chromate, po-
tassium hydrogen phthalate, cobalt perchlorate and
sulfate, and nickel perchlorate and sulfate. Althongh
mtema.l multiple reflection effects appear to be of the
proper magnitude to account for these differences,
initial attempts to measure such effects with mag-
nesium fluoride-coated cuvets have not been success-
ful. While extremely durable, magnesium fluoride
reduces reflections by about 50 percent and more
efficient coatings will probably be needed to resolve
this problem. If internal reflections are responsible
for the observed deviations, the absorptivity data
given should not be corrected when using liquid
absorbance standards for checking the accuracy of
the photometric scale since these reflections are
included in every measurement. However, in the
determination of molar absorptivity, which is con-
sidered a fundamental property of the material, ap-
propriate correctinns should be applied. Until this
question can be resolved, it is recommended that
these materials be used at concentrations which yield
an absorbance of at least 0.5 when measured in a 10
mm cuvet. With this restriction, it is believed that the
uncertainty of the absorptivity data does not exceed
*0.5 percent at the 95 percent confidence level

The authors wish to express their appreciation to
Radu Mavrodineanu for providing the calibrated
Schott filters and to David S. Bright for performing
the computer calculations on the HCrO5/Cr.O7
equilibrium.
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Various characteristics of evaporated: metal-on-fused silica filters are discussed in
relation to their optical transmission properties. Spceial metal holders provided with shutters
were designed to be used with these filters, and are described in detail. Transmittance
measurements, performed in various conditions, are reported and indicate that the evapo-
rated metal-on-fused silica filters might present an acceptable material as transfer standards

in spectrophotometry.
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The use of solid materials, in the form of glass
filters and of solutions of inorganic and sometime
organic compounds, to test the correct functioning
of spectrophotometers is a common practice [1].! A
variety of materials are available from the National
Bureau of Standards (NBS) which can be used as
transfer standards to verify the accuracy of the
trapsmittance scale and the short and long term
stabilities of conventional spectrophotometers. Two
Standard Reference Materials (SRM’s) have been
issued by NBS for the verification of the accuracy
of the transmittance scale; these are SRM 930 and
SRM 931.

SRM 930 is a solid material which consists of a
set of three glass filters having nominal transmit-
tance of 10; 20; and 30 percent. They are certified
for transmittance in the visible spectral range from
400 nm to 635 nm. A detailed description of this
SRM is given in NBS Special Publication 260-51
[2]. SRM 931 is a liquid standard which consists
of a solution of cobalt and nickel in dilute perchloric
acid contained in %lass ampoules [3]. The trans-
mittance of these solutions is certified from 302 nm
to 678 nm and should be used in conjunction with
curvettes having a known light path; such curvelies

are available from NBS as SRM 932 [4].

. Both SRM_’S 930 (the glass filters) and 931 (the
liquids) are limited in their spectral transmittance
range and require the use of spectral bandpasses,
from 2.2 nm to 6.5 nm for the glass filters and from
1.0 nm to 6.5 nm for the liquid filters depending
of wavelength, when accurate transmittance values
are sought.

*This work was supported in part by the Nstional Institute of General
Medical Sciences. 5 :
1 Figures in brackets indicate the literature references at the end of this paper.

Theneed to provide similar transfer standards, but
with expanded spectral range to the ultraviolet and
with less stringent spectral bandpass requirements,
has resulted in an investigation to find adequate
materials for this purpose. Such materials should
fulfill the following conditions: (a) be transparent
in the spectral range of interest, usually between 200
nm and 800 nm; (b) have a transmittance inde-
pendent of wavelength (optically neutral); (c) have
a spectral transmittance independent of temperature;
(d) have low reflectance and be free of interferences;
(e) be nonfluorescent; (f) be stable, homogeneous,
and free of strain; (g) have mechanical stability for
the size used (thickness, length, width) and be easy
to fabricate by conventional techniques used in opti-
cal shops; (h) be simple to use in conjunction with
the conventional spectrophotometers available today
in analytical laboratories; (i) be readily available
and relatively inexpensive. Thus, various solid
materials were examined and the final choice was
the cvaporated metal-on-(non-fluorescent) fused
silica type filter.

The transmission characteristics of such filters
are illustrated in figure 1 and are compared with that
of three glass filters and Ronchi ruling on glass.

The major limitation of the evaporated metal-on-
quartz filters results from their intrinsic property of
attenuating the incident radiation by reflecting
rather than absorbing part of it. As a consequence
of this property, this type of filter could generate
stray radiations in the sample compartment of con-
ventional spectrophotometers and is suseceptible to
produce interreflections when used with instruments
equipped with lenses. ‘

To determine the practical value of such filters as a
transfer transmittance standard, comparative meas-

81



CORNING
8364
CHANCE
ON-10
w
Q
Z| scHotT k\/«/\
fes) NG-4
10
(@]
21 EVAPORATED METAL ON QUARTZ
< [INCONEL]
\-\
RONCH! RULING ON GLASS
100 LINES/in.
! { ! 1 1 1 ! I | 1
206 300 400 500 600 700
X, NANOMETERS

TFicure 1. Spectral characteristics for five transparent
materials from 200 nm to 700 nm.

urements were performed with the Naticnal Physical
Laboratory in England (NFL), and the results are
given in table I. In this case the inconel-on-fused
silica filter was protected by a clean fused silica
plate held in place with an organic cement. Except
for a filter which showed some mechanical flaws in its
structure, the reproducibility of transmittance meas-
urements was as good as that obtained for the
absorbing glass filters (table II). The error which
would resu%t, from positioning the inconel-on-fused
silica was measured by rotating from 0° angle to
3°—6°—and 9°. From the results obtained (table
III) it can be concluded that in the case of the high-
accuracy spectrophotometer used at NBS a position-
ing error within 3° can be tolerated.

The interreflection error affecting the measure-
ments when a filter is inserted in the radiation path
between the two lenses of a spectrophotometer
was examined in detail [5]. The measured error for
a glass filter established for the high-accuracy spec-
trophotometer was one or two 10~* transmittance
units; a value which is about four times larger was
found for an evaporated metal-on-fused silica filter.
It should be mentioned here that both the positioning
and interreflection errors are, for a given material,
instrument dependent.

As a result of these considerations a decision was
made to produce a limited number of sets of evapo-
rated inconel-on-fused silica and to test these filters
in actual measurements performed on the con-
ventional spectrophotometers manufactured in the
United States.

One of the filters from a set is shown in figure 2.
From left to right one can see the main body of the
filter holder made from an aluminum alloy anodized
black. This body is provided with dove-tail grooves
which can accept a front and rear shutter made
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TasLel. Comparison between the percent transmittances (% T)
measured on three inconel-on-silica filters at NPL and NBS

NBS, 9T
Wavelength NBS, %T |NPL, %T
nm average
1 2
450. 0 24, 87 24. 88 24. 87, 24. 93
550. 0 23.78 23. 82 23. 80 23. 86
650. 0 23. 38 23. 39 23. 38 23. 46
|
450. 0 49. 35 49. 33 49. 34 i * 49, 56
550. 0 47. 60 47. 60 47. 60 i 47.81
650. 0 46. 85 46. 85 46. 85 i 47. 14
i
450. 0 72. 17 72.20 72. 185 b 72,30
550. 0 72.05 | 72.11 72. 08 72, 20
650. 0 72. 20 72. 34 72. 27 : 72. 33

Average difference between NBS and NPL percént T
values= —0.30 percent

* This filter had a flaw in the form of a crack which was
sometimes visible and other times invisible. The larger differ-
ence;found in the measurements of this filter may be due to
this flaw.

TaBLE II. Comparison between the percent transmittances
(%T&gz‘éasured on three Schott NG-4 glass filters at NPL

an

Wave- | NBS, 4T | NBS, 9,7 | NBS, %T| NPL, 9T
length March 12, May 18, average February
nm 1971 1971 . 1971
440. 0 12. 92 12. 91 12. 915 12. 93
465. 0 14. 965 14. 98 14. 97; 15. 01
590. 0 11. 70 11. 64 11. 67 11. 67
635. 0 12. 72 12. 68 12. 70 12. 72
440. 0 19. 62; 19. 58 19. 60 19. 62
465. 0 22. 38; 22. 35 22, 36 22, 43
590. 0 19. 06 18. 95 19. 00 19. 01
635. 0 20. 455 20. 37 20. 41, 20. 47
440. 0 32. 89 32. 86 32. 875 32. 98
465. 0 35. 52 35. 54 35. 53 35. 66
590. 0 31. 165 31. 10 31.13; 31. 21
635. 0 32. 565 | 32. 52 32. 543 32. 62

Average difference between NBS and NPL percent T
values= —0.19 percent

TaBLE II1. Percent transmittance (9, T) .measured on a Sc_h_ott
neutral glass filter 2 mm thick, and an inconel-on-fused silica
filter 2 mm thick at 590 nm, for normal incidence and for the

angle of 3°; 6°; and 9°

%T

Filter ‘Schott Inconel-on-fused silica

NG-4

Angle Glass

Front Back

0° 28. 13 29. 91 29. 87
3° 28. 10 29. 98 29. 87
6° 28. 03 29, 84 29. 82
9° 27. 98 29. 92 29. 90




F1GURE 2. Filter holder with shutters.

From left to right: front and rear view of the holder body provided with dove-tail grooves; retaining spring with nylon screw and washer,; filter; two shutters; front
view of the filter holder with front shutter; rear view of the filter with rear shutter; filter holder with both shutters closed.

from a black plastic (Delrin ?). The last three units
illustrate the holder with these shutters on. A more
detailed dimensional drawing of the filter holder is
shown in figure 3. The shutters provide two functions:
one is to protect the filter from contamination, the
other to detect if stray radiant energy (SRE) is
produced in the spectrophotometer compartment
as a result of reflections generated by the incident
beam on the semi-transparent metal layer. The
determination of stray radiant energy generated
in the sample compartment of the spectrophotometer,
due to the reflecting propreties of these filters, may
be assessed as follows: A background signal may be
measurable when the instrument shutter at the
photomultiplier tube is closed. Another slightly
higher background signal may be- detectable with
the instrument shutter open and with the filter
placed in the beam, in the sample compartment, with
both sliding shutters closed. Both of these signals
should be very small. A third signal may be detected
when the front sliding shutter at the filter holder is
removed and the rear sliding shutter is closed. If
under these circumstances a signal is detected, it is
very likely due to SRE produced by reflections re-
sulting from the semi-transparent mirror which
scatter from the walls of the cell compartment. This
should also be low in magnitude. The transmittance
of the filter is measured where both sliding shutters
at the filter holder are removed.

2 In order to describe materials and experimental procedures adequately, it was
occasionally necessary to identify commercial products by manufacturer’s name
or label. In no instance does such identification imply endorsement by the Na-

tional Buresu of Standards, nor does it imply that the particular product or
equipment is necessarily the best available for that purpose.

Under these circumstances a source of systematic
error can be from multiple reflections between the
lenses in the instrument and the filter surfaces [5].
An indication of the existence and magnitude of such
interreflection phenomena can be obtained by com-
paring the differences between the transmittance
measurements and the certified values for SRM 930
and 931 to the corresponding differences for the
inconel-on-fused silica filters.

Each set is made from three filters and one blank
placed in individual metal holders which are pro-
vided with the front and rear sliding shutters. The
selection of inconel as the semi-transparent metal
layer was made on the basis of its relatively good
optical ncutrality in the speetral range from 250 nm
to 700 nm. The fused silica substrate is of optical
quality and non-fluorescent. All the silica flters,
including the blank, were ground and polished at the
same time and together to a perallelism of 0.02 mm
and a flatness of less than 2 fringes (mercury 546.1
nm). The nominal dimensions are 30.5 mm by 10.4
mm by 2 mm thick, and the nominal transmittances
of these filters are 1 percent; 20 percent; 30 percent;
and 90 percent.* The transmittances of each set were
measured at 250 nm, 300 nm, 340 nm, 400 nm, 440
nm, 465 nm, 500 nm, 546.1 nm, 590 nm, and 635 nm.
Sets of these filters were sent to the manufacturers
of spectrophotometers for evaluation and tests on
the individual instruments. The results of these

2 The filter holders and the evaporated inconel-on-fused silica filters were made
in the NBS Instrument Shops.
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F1GURE 3. Details of the filler holder with shutters.
Nominal dimensions are in millimeters.

TaBLE IV.  Percent iransmittance (%T) measured on four inconel-on-fused silica filters at 10 wavelengths and on the NBS-IM R
high-accuracy spectrophotometer and on two conventional instruments A and B

%T
Wavelength :
nm| 250 300 340 400 440 465 500 546 590 635
Instrumen
NBS-IMR 1. 45 1. 81 1. 86 1. 94 2. 04 2.13 2.27 2. 49 2.70 2. 90

Iq-ligh-accuracy 21. 39 21. 27 20. 33 18. 93 18. 33 18. 09 17. 90 17. 83 17. 86 17. 95
Spectrophotom- 28, 68 29. 92 30. 20 29. 96 29. 70 29. 55 29. 44 29. 44 29. 49 29. 57

eter 91. 42 92. 34 92. 66 92. 90 93. 01 93. 05 93.11 93. 16 93. 19 93. 23
Spectrophotom- 1. 33 1. 84 1. 93 2. 00 2.12 2.20 2. 34 2. 55 2.75 2.95
eter A 21. 37 21. 24 20. 31 18. 91 18. 29 18. 07 17. 89 17. 82 17. 84 17. 92

28. 67 29. 87 30. 19 29. 95 29.70 29. 58 29. 49 29. 46 29. 52 29. 60
91. 59 92. 60 93. 32 93. 20 93. 30 93. 30 93. 42 93. 46 93. 50 93. 58

Spectrophotom- 1. 49 1. 85 1. 90 1. 97 2. 07 2.16 2.31 2. 53 2. 83 3. 06
eter B 21. 6 215 20. 5 19.1 18 5 18.3 18. 1 18.0 18.3 18. 5
28. 8 30.0 30.2 30. 0 20.9 29. 7 29. 5 29. 5 29.9 30. 0
91. 4 92. 6 92. 6 93.1 93. 3 93.3 93. 3 93. 3 93.9 93.9
tests will permit to establish the usefulness of these Nore.—The semi-transparent metallic surface of the filters
filters as SRM’s in spectrophotometry. described in this paper is not protected from environmental

1 the 1o e . exposure and careless handling. A solution to this problem
n the 1nean time comparative measurements were  was found recently. It consiste in placing on top of the fused

performed on two conventional spectrophotometers silica plate carrying the semi-transparent evaporated metal

1 J - o Gapy . layer a clear fused silica plate, about 1.5 mm thick adequately
available at NBS, and the results are‘assembled in ground and polished, to achjeve an optical contact with the

table IV. These results are preliminary measurements evaporated semi-transparent metal layer surface. The two

and should be considered with cauti fused silica plates are slightly beveled, and an optical cement
seem to indicate. h ) };] auion' The data is applied to protect the edges. Under these conditions the
= indicate, however, that the evaporated two fused silica plate assembly, with the semi-transparent
metal-on-fused silica filters may be an acceptable evaporated metal layer in between, lbehaves doptica}éy a? lﬁ
ateri : it were a single semi-transparent plate, and provides iu
mate lai] for use as transfer standards in protection of the metal layer. Several seté of these new filters
spectrophotometry. were made for evaluation in actual working conditions.
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Acidic Potassium Dichromate Solutions as
Ultraviolet Absorbance Standards®
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The absorbances of five concentrations of potassium dichromate in 0.001 M perchloric
acid have been determined at cight wavelengths in the ultraviolet on the National Bureau
of Standards Institute for Materials Research high-accuracy spectrophotometer. Four of the
wavelengths—235, 257, 313, and 350 nm—correspond to absorbance maxima or minima in
the HCrO,~ spectrum and are useful wavelengths for checking the accuracy of the absorbance
scale of narrow bandpass spectrophotometers. Although partial dimerization of HCrQ,-
to Cr.0;~ produces small positive deviations from Beer’s law at these wavelengths, the ap-
parent absorptivities calculated for each concentration are reproducible to one part in a
thousand. The estimated uncertainties in the absorptivity values are =+ 0.7 percent at 0.1
absorbance (4) and = 0.2 percent near A=1. These uncertainties include all known sources
of possible systematic error and the 95 percent confidence level for the mean. The remaining
four wavelengths used for measurement are near two predicted isosbestic points in the
HCrO,~/Cr,0;~ spectra. The absorptivities at 345 nm are sufficiently independent of con-
centration that this wavelength can be used for checking absorbance linearity to one part
in a thousand over the range 4=0.2-1.

Key words: Absorbance linearity; accuracy; acidic potassium dichromate solutions; calibra-

tion of ultraviolet spectrophotometers; liquid filters; transfer standards; ultraviolet absorb-
ance standards.

I. Introduction

20234

in this instance arises because high-purity and well-

At present, there are no certified standards
available from the National Bureau of Standards
(NBS) for checking the accuracy of the absorbance
scale of spectrophotometers throughout the ultra-
violet. The number of analytical applications in
this important region of the spectrum, however,
continues to increase relatively sharply and the
need for such standards is becoming increasingly
acute.

The area with perhaps the most serious need for
ultraviolet absorbance standards at the moment is
clinical chemistry. Workers in this field, for example,
frequently use molar absorptivity as an index of
purity of their biological standards. Only recently,
Burnett [1]! has discussed the importance of ac-
curate molar absorptivity measurements in the
clinical laboratory. He especially emphasizes the
need for spectrophctometric accuracy in clinical
enzymology. Not only must the molar absorptivity
of the substrate or enzyme-catalyzed reaction
product be known accurately but also the individual
absorbance measurements on the test sample must
be uccurate. This dual requirement for accuracy

*This work was supported in part by the National Institute of General
Medical Sciences.
! Figures in brackets indieate the literature referencee at the end of this paper.

214-4270-76 -6
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characterized enzyme preparations are not .yet
routinely available for use as standards. .

A program has been under way at NBS in the
Institute for Materials Research (IMR) since 1969
for the development and issuance of visible and
ultraviolet transfer standards for use as Standard
Reference Materials (SRM’s). Two such _stz}ndards
are currently available: (1) SRM 930, consisting of a
set of three neutral Schott NG glass filters and (2)
SRM 931, an empirical inorganic solution available
at three concentrations in 10-ml ampoules. Neither of
these SRM’s meets the present needs for absorbance
standards in the ultraviolet. The glass filters do not
transmit below about 350 nm while the inorganic
solution is certified only at one wavelength in the
ultraviolet (302 nm) and with an uncertainty of +1
percent. Transfer standards capable of being cer-
tified throughout the range of 200-350 nm and with a
smaller uncertainty are being investigated, however.
The most. promising solid filter at the moment for
this purpose is the metal-on-quartz type. Some
vecent experiences with this filter are discussed in the
paper immediately following {2]. Of the chemical or
liquid-type filters that have heen proposed, the
weakly acidic potassium dichromate xystem 1s
considered the best. A critical evaluation of this
svstem, as well as several other candidate materials,
was presented in a previous paper [3].



In this paper, we present absorptivity values for
five concentrations of potassium dichromate in
0.001 M perchloric acid. These concentrations effec-
tively span the absorbance range of .1=0.1-1.5
when measured in 10 mam cuvettes. The absorptivi-
ties were calculated from transmittance measure-
ments at eicht wavelengths in the ultraviolet on the
IMR high-accuracy: spectrophotometer. Four of the
wavelengths—235, 257, 313 and 350 nm—correspond
to absorbance maxima and minima in the HCrO,~
spectrum and are useful wavelengths for checking
the accuracy of the absorbance scale of narrow
bandpass spectrophotometers. -Although partial di-
merization of HCrO,~ to Cr,0;~ produces small posi-
tive deviations from Beer’s law at these wavelengths,
the apparent absorptivities calculated for each con-
centration are reproducible to one partin a thousand.
The estimated uncertainties in the absorptivity
values are = 0.7 percent at 0.1 absorbance (A4) and
+0.2 percent near AA=1. These uncertainties include
all known sources of possible systematic error and
the 95 percent confidence level for the mean. The
remeining four wavelengths used for measurement
are near two predicted isosbestic points in the
HCrO,~/Cr,0;" spectra. The absorptivities at 345 nm
are sufficiently indcpendent of concentration that
this wavelength can be used for checking absorbance
linearity to one part in a thousand over the range
A=0.2-1.

The potassium dichromate (K,Cr.0;) used in this
study was a special lot of analxtical reagent grade
material obtained from the J. T. Baker Chemical
Company.? Drying studies performed at 105°C
indicated that the surface moisture of this material
was less than 0.01 percent. No measurement of
possible occluded- water was made. However, a
recent paper [4] by Yoshimori and Sskaguchi has
shown that K,Cr,O; typically contains 0.01 to 0.02
.gercent occluded water which can be removed only

y crushing and drying at 350 °C.

Coulometric assay of the undried potassium
dichromate gave a purity, expressed as an oxidant,
of 69.972+0.005 percent at the 95 percent con-
fidence level. Emission spectroscopy indicated that
the only significant elemental impurities present
were sodium and rubidium. Their concentrations
were estimated to be 0.02 and 0.03 percent,
respectively.

he concentrations of the K.Cr.O, solutions used
throughout this study are expressed on a weight/
weight' basis. Milligram samples of I.Cr,0; were
weighed to the nearest microgram on a microbalance.
After dissolution in distilled water shown to be free
of reducing impurities: (see Discussion), 1 ml of 1 AL
perchloric acid was added and the solutions were

Experimental Procedure

#1In order to describe materials and experimental procedures adequately, it is
occasionslly necessary to identify the sources of commercial products by the
gnnnhnpre_r‘s name. In no instanee doee sneh identifisation imply endorcement

y the National Burcau of Standards, nor does it imply that the perticular
product is necessarily the best available for that purpose. .
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diluted approximately to volume in 1-liter volu-
metric flasks. Each flask was fitted with a double-
ribbed Teflon stopper (IKontes Glass Company,
Vineland, New Jersey) to prevent evaporation. The
weight of each solution was determined on a single-

an top-loading balance having a sensitivity of 0.01 g.
NBS-calibrated weights were used to establish the
accuracy of the balances. The concentrations of the
solutions were then calculated after correcting all
weights to vacuum. A solvent blank was prepared by
diluting 1 ml of 1 M perchloric acid to 1 liter with
distilled water.

"The Institute for Materials Research high-
accuracy spectrophotometer was used for performing
the transmittance measurements which, in turn. were
converted to absorbance. The design and construc-
tion of this instrument have been described in detail
by one of us (RM) in reference [5] and will not be
repeated here. Similarly, the quariz cuvettes used
are also of NBS design and construction and have
been described previously [6]. These cuvettes are
currently available through the NBS Office of
Standard -Reference Materials as SRM 932. Each
cuvette is certified for path length and parallelism to
=0.0005 mm.

Prior tc use the cuvettes were cleaned by soaking
in concentrated (18 17) culfuric acid for several hours.
In order to minimize the heat of mixing, they were
then transferred consecutively to 12, 6 and 3 Af
sulfuric acid before rinsing with distilled water. After
rinsing thoroughly, the cuvettes were air-dried under

- aninverted Petri dish that served as a dust-protective

cover.

For sample measurements, five calibrated cuvettes
were placed in separate holders in thie rotating
sample compartment [5] of the INMR high-accuracy
spectrophotometer and a reference filter (inconel-
on-quartz) was placed in a sixth position. The
cuvettes were left in their respective holders for
the duration of the experiment. All transmittance/
absorbance measurements were made relative to
air in a temperature-controlled room at 23.5+0.3
°C. The transfer of solvent blank and sample solu-
tions to and from these cuvettes was made by means
of borosilicate, Pasteur-type, disposable pipettes.
After being rinsed with the test solution, a final
transfer for measurement could be made in 10-15
seconds, after which time the cuvette was imme-
diately stoppered with a snugly-fitting Teflon
stopper.

Six sets of solutions having nominal concentra-
tions of 20, 40, 60, 80 and 100 mg K.Cr:O:kg
were prepared. Each concentration within a set
was measured a minimum of six times at the eight
wavelengths of interest. The absorbance, 1= —log
(Tsampie/ To1am), Was computed for cach wavelength
and concentration from the average of the six
transmittance measurements(7).  Absorptivities
were then calculated after correcting the absorbances
for systematic errors due to cuvette path length,
beam geometry and internal multiple reflections.
No correction was applied for the reflactions dis-
cussed by Mielenz and Mavrodineanu [7] from



internal components such as the lenses and slit
jaws because these are adequately cownpensated
for by the blank. A detailed account of these correc-
tions and calculations will be given in an NBS 260
Special Publication which is new in preparation.

Ill. Discussion and Results

The ultraviolet absorbance spectrum of a 40 mg
kg~! solution of potassium dichromate in 0.001 Af
perchloric acid 1s shown in figure 1. The four wave-
lengths selected for certification of absorptivity of
this absorbing system, namely 235, 257, 313 and
350 nm, are also indicated. The maxima and minima
are sufficiently broad that serious restrictions are
not placed upon instrumental spectrai bandwidth
requirements. The half bandwidths of the 257 and
350 nm peaks, for example, are approximately 60
nm so that an instrumental spectral bandwidth of
3 nm or less is sufficient for obtaining at lcast 0.999
of the maximum peak intensities.

1.0 T —T T

K, Cr, 0, = 40 mg/kg

ABSORBANCE (10mm CUVETTE)

WAVELENGTH, nm

Figure 1. Absorbance spectrum of Ki:Cr;O; in 0.001 M per-
chloric acid.

The first experiment performed on the IMR high-
accuracy spectrophotometer was the determination
of the rinse behavior and reproducibility of the
transmittance/absorbance measurements of the soi-
vent blank. In the initial studies, measurements
were made at 235 nm only, since any problems
associated with the transfer of solution were expected
to be the greatest at the shortest wavelength used.
The results obtained for the five cuvettes emploved
are shown in figure 2. All exhibit a similar rinse
pattern, attaining a minimum and constant absorb-
ance value after 5-6 rinses (the term rinse as used
here and throughout the remainder of this paper
refers to the exchange of one cuvette volume for a
second one). Once the blank measurements were in
control, similar absorbance measurements were
then made on the first series of K.Cr,O: solutions.
Five concentrations having nominal concentrations
of 20, 40, 60, 30 and 100 mg K.Cr,O- kg were
measured. Table I summarizes the results of these
measurements together with the final solvent blank
values for 235 nm. The cycle of measurements shown
here was then extended to the other seven wave-

ABSORBANCE x 102

5.00 o

e o 0 25
4.
% 1 2 3 4 5 6 7
NO. OF RINSES

FiGure 2. Apparent absorbances of the blank solvent in the five
curvettes used—Nos. 14, 16, 18, 23, and 26 ref. [6].

TasBLE 1. Reproducibility of absorbance measurements at 236 nm for a cycle of solvent and sample runs

Solvent Sample Sample Solvent
Cuvette No.
After 5 rinses After 5 rinses After 7 rinses After 5 rinses
14 0. 05198 0. 30128 0. 30141 0. 0.?213
16 . 05099 - . 55052 . 55057 . 00993
18 . 05310 . 80066 . 80074 . 05321
25 . 05002 1. 04863 1. 04855 . 05022
26 . 05064 1. 30351 1. 30333 . 05065
Ref. filter . 55913 . 55925 . 55936 . 55922
¢ Inconel-on-quartz.
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lengths of interest. In all, six sets of K,Cr,0;, solu-
tions were measured. Typically, two volleys consist-
ing of three transmittance/absorbance measurements
were made on each of the 30 solutions. The first
volley was made after rinsing the cuvettes, initially
containing solvent, with five rinses of sample and
was repeated again after two additional rinses.
Since no systematic increase in absorbance was ever
observed when the results of the first volley of
measurements were compared to the second, the six
measurements were invariably averaged. The ab-
sorbances were obtained by subtracting the solvent
blank values from the sample readings. After apply-
ing appropriate corrections for beam geometry and
internal multiple reflections, the corrected absorb-
ances (A..) were used to calculate the desired
absorptivities, using the relationship

AbsorptiVity=Acon/bC:

where b=internal light path in ¢cm and ¢=concentra-
tion of X,Cr,0; solution in g kg~'. The absorptivities
computed for the five concentrations of K,Cr,0,
solutions used are summarized in table II. The values
tabulated were determined from least-squares plots
of the experimental values and were subsequently
normalized to the concentrations shown. The
uncertainties given include all known sources of

possible systematic error and the 95 percent (20)
confidence interval for the mean. The random
component of these uncertainties, based on standard
deviations computed from residuals resulting from
fitting the data to the various concentration levels
for each wavelength, is 0.07 percent at the 2¢ level.

It is observed that all absorptivities in table II
increase with increasing K.Cr,O; concentration.
These deviations from Beer’s law are produced by the
fact that, in weakly acidic media, chromium (v1) ions
exist as two distinct absorbing species—HCrO,~ and
its dimerization product, Cr,0,~. The equilibrium be-
tween these two species may be represented as

2HCr0,E2¢r,0,-+ 1,0 )

and the corresponding dimerization constant, Kp, is
given by ,
_ [CT207=]

Kp=prtel L

[HCrO, ]?

Although eq. (2) predicts that the formation of Cr,0;~
is strictly a quadratic function of K,Cr,0, concen-

2)

‘tration, the value of K,=232.9 (mol kg~')=! obtained

previously [3] is of such magnitude that the percent-
age of total chromium present as the Cr,0,= ion is
very nearly a linear function of the K,Cr,O, con-
centration for the range of solutions studied. Calcu-
lated values of HCrO,/Cr,0,~ speciation in this
system are given in table II1.

Tasre III. HCrO4~/Cr.0;~ speciation in 0.001 M perchloric
acid solutions of K,Cr,0;.

¥K,Cr,0; Percent Cr as Percent Cr as
Conc., g kg™! HCrO,~ Cr, 0=
0. 020 99. 10 0. 90
. 040 98. 22 1. 78
. 060 97. 38 2. 62
. 080 96. 56 3. 44
. 100 95. 77 4. 23
|

. The direction and magnitude of the expected '
deviations from Beer’s law for the acidic potassium
dichromate system can Dbe ascertained when the
speciation data in table III are combined with the
spectral characteristics of the two chromium (vI)
species. Figure 3 shows the relation of the absorbance
spectra of the HCrO,~ and Cr,0,~ ions. At wave-
lengths of 235, 257, 313 and 350 nm, the Cr,0;= ion
is shown always to have a larger absorptivity than
the HCrO,~ ion. Hence, the measured absorptivities
at these wavelengths should increase with increasing
K;Cr,0O; concentration.

From the same argument, the data in figure 3 also
suggest that there are two wavelengths near 320 and
345 nm where Beer’s law is obeyed. In an attempt to
determine these isosbestic points experimentally,
absorbance measurements were also made on the

TasLE I1. Absorptivities of K»C,0; in 0.001 M perchloric acid at 23.6 °C
Absorptivity, kg g-lem~!

XK;Cr,0; 235(1.2)*nm 257(0.8)nm 313(0.8)nm ’ 350(0.8)nm Uncertainty ¢
Conc., g kg ‘
<0. 020 12. 243 14. 248 4. 797 | 10. 661 0. 034
. 040 12. 291 14. 308 4. 804 10. 674 4,022
. 060 12. 340 14. 869 4. 811 10. 687 4. 020
. 080 12, 388 14. 430 4. 818 ! 10. 701 4,020
. 100 12. 436 14. 491 4. 825 % 10. 714 2. 019

¢ Nominal concentration; all weights corrected to vacuum.
® Wavelength and, ( ), spectral bandwidth.

¢ Includes estimated systematic crrors and the 95 percent confidence interval for the mean.
¢ For wavelength of 313 nm, the uncertainty is reduced to half of these values for K;Cr;0; concentrations of 0.040, 0.060,

0.080 and 0.100 g kg—1.

89



MOLAR ABSORPTIVITY, kg mal

WAVELENGTH, nm

FiGure 3. Absorbance spectra of the HCrO ™ i0n and its dimeri-
zation product, Cr;0:=

same solutions used above at 322, 323, 345 and 346
nm. The corresponding absorptivity values are given
in table IV. Although small systematic deviations
from Beer’s law are still present, the absorptivities
calculated for 345 nm are sufficiently constant that
the acidic K.Cr.0; svstem can be used at this wave-
length, over the concentration range shown, to check
the absorbance linearity of narrow bandpass spectro-
photometers to one part in a thousand.

The variation of absorptivity of the acid K.Cr.0;
system with temperature is the smallest that we
have observed for any liquid filter that we have
studied to date. For the four wavelengths recom-
mended for checking the accuracy of the absorbance
scale—235, 257, 313, and 350 nm—the absorptivities
decrease with increasing temperature. Over the range
20-30 °C, the corrections are, respectively, —0.05,
—0.05, —0.02, and —0.05 percent per degree Celsius.
The —0.02 percent correction found at 313 nm cor-
responds closely to the correction predicted from the
thermal expansion of the solvent. Until further eval-
uation can be made of the temperature dependence
of 345 nm wavelength recommended for checking
absorbance linearity, measurements should be re-
stricted to 23.5+1 °C.

Several considerations were involved in the selec-
tion of perchlorie arcid for acidifying the K.Cr,O:
solutions. First, perchloric acid was preferred over
the sulfuric acid which has been used traditionally
because perchlorate ion, unlike sulfate, has no tend-
ency to form mixed complexes with chromium (vI)
species. Secondly, the choice of 0.001 M acid rather

than 0.01 M was based on two factors: (1) the 0.001 M
acid represented a practical compromise: for mini-
mizing conversion of HCrO,~ to either H,CrO, or
CrO,= and (2) the lower acid concentration substan-
tially lowered the oxidation potential (~13 percent)
of the chromium (v1) ions and hence improved the
solution stability of the proposed K,;Cr;0; standards.

A final point that needs to be emphasized concerns
the quality of the distilled water used for preparing
the standard solutions. Acidic potassium dichromate
is a potential oxidant and consequently the distilled
water used must be shown to be free of reducing
impurities in order that the absorptivity data given
in.'this paper be valid. A simple but yet definitive
test is outlined in figure 4. In this study a 500-fold
dilution of a 100 mg kg~! standard solution of
K,Cr,0. was made with the distilled water in ques-
tion and its absorbance measured at 350 nm. Not
only did the measured absorbance agree with the
predicted value, thus indicating no reduction of
chromium (vi1), but also subsequent measurements
showed that this K,Cr.O, solution standard should
be stable for at least two months provided it is ade-
quately protected against evaporation. In instances
where this test shows the distilled water to be sus-
pect, it is recommended that the water be redistilled
from alkaline potassium permanganate in order to
preoxidize the impurities.

Finally, the general use of solid and liquid transfer
standards for calibrating the absorbance scale of a
precision commercial spectrophotometer 1s illus-
trated in figure 5. The measurements on the glass

0.0025

0.0020 |-

500—FOLD DILUTION OF 100 mg K ,Cr,0,/kg

T

0.0015

ABSORBANCE (350nm)
10mm CUVETTE

«4 y
2 4 6 8 10 12 w3 5
DAYS AFTER PREPARATION

Ficurr 4. Test of the distilled water for reducing impurities.

TaBLE IV. Absorptivities of K.Cr,07 in 0.001 M perchloric acid near lwo predicted isosbestic wavelengths; temperature 23.5 °C

Absorptivity, kg g™! cm™!

1
]
K,Cr,0, i 322 (0.8)®> nm 323 (0.8) nm 345 (0.8) nm 346 (0.8) nm
Counc., g kg™! ’
i
= 0. 020 \ 5. 845 | 6. 065 10. 593 10. 615
- 040 f 5. 842 l 6. 062 10. 595 10. 621
- 060 | 5. 838 | 6. 059 10, 598 10, 627
- 080 ; 5. 835 [ 6. 056 10. 600 10. 632
100 : 5. 831 | 6. 053 10. 602 10. 638
l i

~Nominal concentration; all weights corrected to vacumm.

bWavelength and, ( ), spectral bandwidth.
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GLASS FILTERS
K,Cr,0,

AAxt’

62 04 0.6 08 10
ABSORBANCE
C

F1GTRE 5. Correction AA for the absorbance scale of a precision
commercial spectrophotometer.

filters were performed at 440 nm while the K,Cr,0,
mesasurements were made &t 350 nm. At both wave-
lengths the absorbances measured on the precision
spectrophotometer are high and should be corrected
by subtracting the appropriate A4 values.

IV. Conclusion

Following widespread use in the collaborative
- testing of spectrophotometers for more than 25 vears,

the absorptivitics of the acidic potassium dichromate -

system have now been determined with a known
accuracy from measurements performed directly on
the NBS Institute for Mlaterials Research high-
accuracy spectrophotometer. Later this vear, cryvstal-
line K;Cr,0;, together with detailed instructions on
Rreparing solutions {rom it, will be available from
NBS through its Office of Standard Reference
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Materials as an SR)M. In conjunction with the cali-
brated quartz cuvettes previously issued (SRN 932),
it is believed that this material will provide a valid
check of the accuracy of the absorbance scale. of
narrow bandpass spectrophotometers in the ultra-
violet from 235-350 nm.

The authors gratefully acknowledge the assistance
of the following persons at NBS during various
phases of this work: K. D. Mielenz, for helpful
discussions of fundamental spectrophotometric pa-
rameters; G. Marinenko, for performing the cou-
lometric assay; J. A. Norris, for the the emission
spectrographic analyses; H. H. Ku, for the statistical
analysis of the data; and R. W. Seward, for supply-
ing through the Office of Standard Reference Mate-
rials the samples of potassium dichromate.
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Standard Reference Material 930D

Glass Filters for Spectrophotometry

R. Mavrodineanu and J. R. Baldwin

This Standard Reference Material is intended as a reference source for the verification of the transmittance
and absorbance scales of spectrophotometers. It consists of three individual glass filters in their metal holders
and one empty filter holder. The holders are provided with shutters to protect the glass filters when not in use.
These shutters mnct he removed at the time of measurements and be replaced after the meacurements have heen
completed. Each filter bears an identification number, and the upper left corner has been removed to indicate

correct placing in the metal holder.

TRANSMITTANCE (T)

TRANSMISSION DENSITY (-log,,T)

Filter Wavelength and (Bandpass) Wavelength and (Bandpass)
& Set nm nm
Ident.
Number 440.0 465.0 546.1 590.0 635.0 440.00 465.0 546.1 590.0 635.0
(2.2) 2.7 (6.5) (5.4) (6.0) (2.2) . 2.7 (6.5) (5.9) (6.0)

Date of Certification:

The transmittance values (T) can be converted to percent transmittance (%7T) by multiplying by 100. The
transmission densities are calculated from the measured transmittance (T). These values should be indicated by
the absorbance scale of the spectrophotometer if the filters are measured against air. The transmittance values
given were measured against air at an ambient temperature of 23.5 °C.

The transmittance values are estimated to be accurate to within 0.5 percent at the time of certification. This
uncertainty includes the effects of the random and systematic errors of the calibration procedure, as well as
possible transmittance changes of the filters during the period of calibration.

Aging of the glass may cause some filters to change transmittance by about +1 percent over a period of approxi-
mately one year from the date of calibration. Improper storage or handling of the filters may also cause changes
[5]. Itis recommended that the filters in the holders be handled only by the edges with soft plastic (polyethylene)
gloves and opticdl lens tissue. When not in use they should be stored in their holders and in the container
provided for this purpose. Extended exposure to laboratory atmosphere and dusty surroundings should be
avoided. In cases where verification is desirable, the filters should be returned to the National Bureau of
Standards for cleaning and recalibration.

This Standard Reference Material was issued with:the assistance and advice of K. D. Mielenz and J. R. DeVoe.
The technical and support aspects involved in the preparation, certification, and issuance of this Standard

Reference Material were coordinated through the Office of Standard Reference Materials by T. W. Mears and
R. W. Seward.

Washington, D.C. 20234 J. Paul Cali, Chief
August 1, 1977 92 Office of Standard Reference Materials




The transmittance measurements were made using the high-accuracy spectrophotometer designed and built at
the NBS Instijute for Materials Research [1]. This instrument represents the primary transmittance standard;
its transmittance accuracy was established using the double-aperture method of linearity testing[1,3,5,6]. The
estimated standard deviation obtained from a set of 20 measurements of the high-accuracy spectrometer used
for transmittance measurements on glass filters of the SRM 930 type is 5 x 10~ transmittance units for transmit-
tance between 0.1 and 0.3. The bounds of the systematic error of the instrument are estimated to be 110-4 trans-
mittance units. )

The neutral glasses for the filters were provided by Schott of Mainz, Germany, and are designated as “Jena
Color and Filter Glass.” The glass material was prepared by the manufacturer especially for SRM 930. It was
fine-annealed and was selected for best homogeneity and minimum of inclusions and striae. The glass filters
were aged at NBS for about one year prior to certification. They are of the type NG-4 and NG-5, and their
nominal transmittances are 10, 20, and 30 percent [2,5]. The glasses were selected to provide a means to verify
the transmittance scale of conventional spectrophotometers at three levels. The exposed surface of the glass is
approximately 29 x 8 mm, measuring from a point 1.5 mm above the base of the filter holder (see figure). The
empty filter holder is provided to be used in the reference beam of the spectrophotometer so that approximatcly
equivalent conditions of stray radiations are achieved for both beams.

The transmittance of the filters depends upon the intrinsic properties of the material, wavelength, spectral band-
pass, geometry of the optical beam, teinperature, and positioning of the filter. A change of ambient temperature
of 1 or 2°C from 23.5 °C will not significantly affect the calibration [5]. Changes in the transmittance may be
caused by surface conditions, aging of the glass, exposure to 2 harmful atmosphere, or careless handling as
indicated on the face of this certificate[2,3,4,5). The effective spectral bandpasses used to determine the certified
values are given on the face of the certificate and the transmittance measurements are made by producting the
vertical image of the slit (about 8 mm by 0.5 mm), using a convergent beam geometry with an aperture ratio f:10,
in the middle of the entrance face of the glass filter. The filters were measured in the spectrophotometer in a
position perpendicular to the incident light beam as shown in the attached figure.

SRM 930D is stored in a black anodized aluminum container provided with a threaded cap made of the same
metal. Each filter is placed in a cylindrical cavity to prevent any contact between the filter face and the walls of
the storage container. Contamination of the glass filter surface with particulate matter due to static charges is
minimized through the metallic nature of the container. Each filter holder is provided with a flat leaf spring
which is inserted into the cylindrical cavity to minimize damage during transportation. These springs can be
removed during normal use in the laboratory.

Prior to certification measurements, each filter was examined for surface defects and thorougly cleaned [5].
Should the surface of the glass filter become contaminated, no attempt should be made to clcan it unlcss the
user has the facilities to demonstrate that the cleaning treatment has not altered the glass surface or degraded the
accuracy of the certified values. As the Standard Reference Material is a transfer standard, the only means
available to verify its integrity is remeasuring its transmittance with a primary standard instrument similar to
that uscd in this certification [1,4,5). In most cases where verification, or rewertification, of the transmitiance
values is desirable, it will be most expeditious to return the filters to the National Bureau of Standards for
measurement. Prior to shipment, the NBS Office of Standard Reference Materials should be contacted regard-
ing the conditions and cost of verification and/or recertification.

We wish to acknowledge the cooperation of George N. Bowers, Jr., M.D., of Hartford Hospital, Hartford,
Connecticut; Royden N. Rand, Ph.D., of the Eastman Kodak Co. Research Laboratories, Rochester, New
York; and Donald S. Young, M.D., Ph.D., of the National Institutes of Health, Bethesda, Maryland.
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Standard Reference Material 931c

Liquid Absorbance Standards for
Ultraviolet and Visible Spectrophotometry

This Standard Reference Material is certified as solutions of known net absorbances at specific spectral wavelengths. It
is intended primarily for use in the calibration and checking of accuracy of the photometric scale of narrow bandpass
spectrophotometers and for routine critical evaluation of daily working standards used in spectrophotometry. This
Standard Reference Material is applicable for calibrating those instruments that provide an effective spectral bandpass
of 1.5 nm or less at 320 nm, 2.0 nm or less at 395 nm, 3.3 nm or less at 512 nm,and 8.5 nm or less at 678 nm [1].

Net Absorbance®
. Wavelength and (Bandpass), nm

Filter 302(0.8) 395(0.8) . 512(0.8) 678(0.8)
“I” -*“Blank™ 0.305 % 0.001 0.309 * 0.001 0.307 % 0.001 0.116 = 0.001
“1I” -“Blank™ .608 £ .002 612+ 002 609 = 002 232 001
“111"-*Blank™ .938 = .002 912+ .002 904 = .002 346 = 001

“Net absorbances (1" - “Blank™, 11" - “Blank™, and “I11" - “Blank”) were determined using 10.00-mm cuvettes (SRM 932) at 25 °C. Sce Instructions
for Use.

The transmittance measurements leading to the certification of this SRM were performed on the high accuracy
spectrophotometer located in the NBS Center for Analytical Chemistry. 1he designand construction of this instrument
have been described previously [2]. This instrument is the primary transmittance standard; its accuracy has been verified

using the double aperature radiation-addition principle. The bounds of systematic error of this instrument are estimated
to be + 10 ~ transmittance units.

These liquid absorbance filters were calibrated at the wavelengths and conditions indicated by measuring the
transmittance, T, of the “Blank™ and solutions “I", “IJ”, and “11]" against air as a reference. The values of T were used to
calculate the corresponding apparent absorbances, Aa, using the relationship A.=—logioT. The certified net
absorbances were obtained by subtracting the apparent absorbances of the “Blank™ solution from the apparent
absorbances calculated for solutions “I%, “II", and “I1I”. The uncertainties of the certified values include all known
sources of possible sysiematic error and the 95 percent confidence level for the mean.

While no long-term stability studies have been made on this lot (931c¢), studies on previous lots (931, 931a, and 931b) over
three-year periods showed no degradation of the material when stored in the original sealed ampoules. Therefore, this
material is certified only for use within three years following the date of purchase.

The preparation of the filiers was performed by E.R. Deardorff, Inorganic Analytical Research Division, and the
transmittance measurements were performed by M.V. Smith, Office of Standard Reference Materials. Technical leader-
ship for the preparation and measurements leading to certification was provided by R.W. Burke, Inorganic Analytical
Research Division.

The overall direction and coordination of technical measurements leading to certification were performed under the
chairmanship of E.L. Garner.

The technical and support aspects involved in the preparation, certification, and issuance of this Standard Reference
Material were coordinated through the Office of Standard Reference Materials by R.W. Seward.

Washington, D.C. 20234
February 12, 1982

George A. Uriano, Chief
Office of Standard Reference Materials
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Temperature Dependence

Absorbances at various temperatures (17 to 35 °C) may be calculated using the equation
Al = As[1+Ca(1-25)]

where: A, = Absorbance at temperature t (°C)
A3zs = Absorbance certified at 25.0 °C
Ca = Fractional change in absorbance per °C

The values of Ca, at the four wavelengths, are given below. [NOTE: At wavelength 302 nm, absorbance decreases with
increasing lemperature; at the other wavelengths, absorbance increases with increasing temperature.]

Wavelength, nm ' Ca
302 : -0.0014
395 +0.0014
512 +0.0018
678 +0.0014

Preparation of Filters

The filters were prepared by dissolving high-purity cobalt and nickel in a mixturc of nitric and perchloric acids. The
absorbance spectrum of the resulting solution is shown in the following figure. The maxima at 302and 512 nm are due to
absorbance by NO3" and Co(H20)e" respectively. The maximum at 395 nm and the plaleau at 650-700 nm are due to
Ni(H20)6"* The pH of these solutions is about 1.

Instructions for Use

This material is for use as a spectrophotometric absorbance standard.

I. Seclect two clean 10.00 mm cuvettes free of scratches. At least one should be fitted with a ground glass or Teflon
stopper to minimize evaportation. Reserve it for all sample measurements.

2. Mark each of the cuvettes to assure the same orientation in the spectrophotometer.

3. Place the cuvettes in their respective holders and fill with distilled water. (Borosilicate Pasteur-type pipettes fitted
with rubber bulbs are recommended for transferring all solutions to and from the cuvettes. Soft glass pipettes, which
are available commercially, contain residual amounts of ultraviolet absorbing material, but may be used after proper
cleaning. Several rinses, first with isopropyl alcohol and then with distilled water, are generally adequate.

4. Obtain the optical mismatch of the cuvettes at 302, 395, 512, and 678 nm, usingthe spectral bandpass limitations given
on the face of the certificate. '

5. Empty the cuvettes by suction without removing them from their holders, refill with distilled water and measure the
absorbances again at each of the above .wavelengths.
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6. Repeat the emptying and refilling operation until constant absorbance readings are obtained.

7. Using the liquid filters provided, measure, in turn, the absorbance of the “Blank™, “I", “II", and “111" against distilled
water. Shake each ampoule before opening to remix any condensate which may have been collected in the neck.
(The ampoules have been prescored directly below the gold band to facilitate opening.)

8. Subtract the appropriate “Blank™ reading from the absorbances obtained for *I”, “II”, and “llI". These net
absorbances should agree with the certified values within the uncertainties specified. Consult the manufacturer of the
instrument if they do not.

The above instructions are for use with the standard 10-mm rectangular cuvette. For calibration of the several
spectrophotometric systems used in various automated instruments, the user is referred to the instruction manual for the
particular instrument.

The absorbances of these liquid absorbance standards will depend not only on the accuracy of the photometric scale, but
also on the wavelength accuracy and the spectral bandpass. A mercury lamp is recommended for checking the wave-
length scale. Inaddition, for those spectrophotometers having a hydrogen (H) or deuterium (D) source, the two emission
lines at 486.1 and 656.3 nm (H) or 486.0 and 656.1 nm (D) may provide a convenient check at these wavelengths.

To ensure that the measured absorbances are not significantly different from the certified values, the following
restrictions are placed on the size of the spectral bandbass selected: To obtain 0.1 percent of the true value, the effective
spectral bandpass should not exceed 1.5, 2.0, 3.3, and 8.5 nm at 302, 395, 512, and 678 nm, respectively.

For £0.2 percent, the respective bandpasses should not exceed 2.2, 2.9, 4.8, and 12.3 nm. Additional information on the
effect of spectral bandpass on the absorbances of these filters is given in the figure below. These curves are not to be used,
however, to correct the measured absorbances.

+2.00 [-

+1.00 |-

0.00 -

-1.00

!

-2.00

..3'00 -

ABSORBANCE CHANGE, %

-4.00

-5.00 | 1 1 11 ] 1 J
0O 2 4 6 8 10 12 14 16 18
EFFECTIVE SPECTRAL BANDPASS, nm

This Standard Reference Material should be kept in the original sealed ampoules. Once opened, the material should be
used immediately. No attempt should be made to reseal the ampoule. Inaddition, it is recommended that this Standard
Reference Material not be used after three years from the purchase date.

References

[1] R. W. Burke, E. R. Deardorff, and O. Menis, J. Research, Nat. Bur. Stand. 76A, 469-482 (1972).

[2] R. Mavrodineanu, J. Research, Nat. Bur. Stand. 76A, 405-425 (1972).

Note: The above papers are also published in NBS Special Publication 378, Accuracy in Spectrophotometry and

Luminescence Measurements, R. Mavrodineanu, J. I. Shultz, and O. Menis, Editors, U.S. Government Printing Office,
Washington, D.C. 20402, 1973.
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Standard Reference Material 932

Quartz Cuvette for Spectrophotometry
R. Mavrodineanu and J. W. Lazar

This Standard Reference Material consists of a single, accurately calibrated cuvette that is issued for use in the
production of accurate spectrophotometric data on liquids. The design and nominal dimensions of the all-quartz cuvette
are shown in Figure 1. The pathlength of the cuvette is defined by the distances between the two optically transparent
windows measured at several heights within the cuvette. Cuvettes issued as Standard Reference Matenial 932 have a
nominal pathlength of 10 mm. The pathlength and parallelism are certified,at the time of measurements, with an
uncertainty of £0.0005 mm as determined by measurements (at 20 °C) taken at the positions indicated below.

Cuvette number is issued with this certificate. For this cuvette the following measurements were obtained:
Height Pathlength
mm mm

Date of Certification:

The overall direction and coordination of the technical measurements leading to certification were performed under the
chairmanship of O. Menis and J. A. Simpson.

The technical and support aspects involved in the preparation, certification, and issuance of this Standard Reference
Material were coordinated through the Office of Standard Reference Materials by T. W. Mears.

Washington, D.C. 20234 George A. Uriano, Chief
December 2, 1980 Office of Standard Reference Materials
(Revision of certificates

dated 11-5-73, 6-16-77, and 8-2-78)
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The original cuvettes were designed and produced at the National Bureau of Standards (NBS) using special techniques
and non-fluorescent optical-quality fused quartz as described in NBS SP 260-32[1]. The transparent windows are
attached to the body of the cuvette by direct fusion, and the unit was stress-relived by annealing. The radiation
pathlength measurements of the cuvette were performed using electronic feeler-gauge type instruments capable of a
resolution of 5 parts in 10%. To preserve the integrity of the certified values, the cuvette must be handled with great care
and should be held only by the frosted-quartz side windows. When not in use, it should be stored in the container
provided for this purpose. Extended exposure to laboratory atmosphere and dusty surroundings is to be avoided.
Improper handling of the cuvette and the use of solutions that can corrode or errode the quartz could degrade the
certificd pathlength valucs. In cases where verification of the pathlength is desirable, the cuvette should be returned 1o
NBS for examination and, if needed, recalibration. Prior to shipment the NBS Office of Standard Reference Materials
should be contacted regarding the conditions and cost of the verification and/or recertification.

The development and production of SRM 932 is a result of the combined efforts of the Center for Analytical Chemistry,
the Center for Mechanical Engineering and Process Technology, and the Instrument Shops Division. The radiation °
pathlength measurements of all of these cuvettes have been performed, at NBS, by E. G. Erber of the Mechanical
Processes Division.

Reference:

[1] Mavrodineanu, R., and Lazar, J. W., Standard Reference Materials; Standard Quartz Cuvettes for High Accuracy
Spectrophotometry, Nat. Bur. Stand. (U.S.), Spec. Publ. 260-32 (December 1973). Superintendent of Documents,
U.S. Government Printing Office. Washington. D.C. 20402, 55 cents.
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Standard Reference Material 935

Crystalline Potassium Dichromate
for Use as an Ultraviolet Absorbance Standard

R. W. Burke and R. Mavrodineanu

This Standard Reference Material consists of crystalline potassium dichromate of established purity. Solutions
of known concentrations of this SRM in 0.001 N perchloric acid are certified for their apparent® specific
absorbances*®, €,, at 23.5 °C.

This SRM is intended to be used as a reference standard for the verification of the accuracy and linearity of the
absorbance scale of absorption spectrometers that can provide an effective spectral bandg.ss of 1.2 nm or less
at 235 nm, and 0.8 nm or less at 257, 313, 345, and 350 nm. Such verification isaccomplished by comparing the
measured apparent absorbances, Aa, to the A; calculated from the certified €, values as described under
“Instructions for Use.”

Table 1 gives the certified values of €, in kg-g -cm™' for five concentrations of the SRM 935 potassium
dichromate in 0.001 N perchloric acid at 23.5 °C and the indicated wavelengths and spectral bandpasses for a
l-cm internal pathlength.

Table 1. €,, Apparent Specific Absorbance,” kg-g ' -em”’

Nominal Wavelength and (Bandpass) nm

Concentration
g kg’l 235.0(1.2) 257.0(0.8) 313.0(0.8) 345.0((].8)b 350.0(0.8) Uncertainty®
0.020 12.260 14.262 4.805 10.604 10.672 + 0.034d
.040 12.304 14.318 4.811 10.603 10.682 + .020
.060 12.347 14.374 4816 10.602 10692 * .ozo:
.080 12.390 14.430 4.821 10.601 10.701 X .020
.100 12.434 14.486 4.827 10.600 10.711 + .020°

€, values are given 1o the third decimal place to preserve the smooth variation of the data with concentration, although the
uncertaintics are in the second decimal place,
Wavelength 345.0 nm is ncar one of the two isosbestic points in HCrOz/Cra07 spectra.  Because it is on the slope of the composite
spectrum, reproduction of the €, values is dependent on wavelength accuracy. Measurements at this wavelength should be made only for
verification of the linearity of the absorbance scale.

€, values are not corrected for the effects of internal multiple reflections within the cuvette, nor have the weights been cor-
rected to vacuum. With these two exceptions, the uncertainties given include all known systematic errors and the 95 percent confidence

dinterval of the mean.
At wavclength 313.0 nm, the uncertainty is reduced to 0.010.

*The term “apparent™ is used because no corrections have been applied to the data for the effects of internal multiple reflections within the
cuvette or for buoyancy, i.c., the weights used to express concentrations have not been corrected fo vacuum. These combined corrections
do not exceed 0.2 percent. The specific absorbances are given in reference 1.

**The nomenclature used in this certificate is that recommended by K. D. Mielenz, Anal. Chem. 48, 1093-1094 (1976), which is reproduced
in the Appendix of NBS Special Publication 260-54.

Washington, D.C. 20234 ) J. Paul Cali, Chief
June 1, 1977 Office of Standard Reference Materials
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The overall direction and coordination of the technical measuremeuts leading to this certificate were per-
formed under the joint chairmanship of I. L. Barnes and J. R. DeVoe.

The technical and support aspects involved in the preparation, certification, and issuance of this Standard
Reference Material were coordinated through the Office of Standard Reference Materials by R. W. Seward.

We wish to acknowledge: The contributions of K. D. Mielenz, NBS Analytical Chemistry Division, for his many
valuable discussions and suggestions, and H. H. Ku, NBS Applied Mathematics Division, for his statistical
treatment of the data; the cooperation and early support of the National Institute of General Medical Sciences in
the research leading to this SRM; and the encouragement of George N. Bowers, Jr., M.D., Hartford Hospital,
Hartford, Conn., and Royden N. Rand, Ph.D., Eastman Kodak Co., Research Laboratories, Rochester, N.Y.

PREPARATION AND CERTIFICATION

The details of the preparation and certification of SRM 935 are provided in NBS Special Publication 260-54,
Certification and Use of Acidic Potassium Dichromate Solutions as an Ultraviolet Absorbance Standard [2]).
This publication should be referred to every time SRM 935 is to be used. Briefly, the transmittances, T, of the
solutions prepared from the undried, as reccived, material were measured with the NBS Institute for Materials
Research high-accuracy transmission spectrometer [3].

The €, values were calculated for each wavelength using the rélation:

_Ds'Db__ Aa
& =%xc Txc M

where:

€, = apparent specific absorbance

A.= apparent absorbance

Ds = transmittance density of the sample solution, -log;oTs
Dy = transmittance density of the blank solution, -log;oTs

b = internal cuvette pathlength, cm

¢ = concentration, by weight, of K2Cr,07 solution, g;lncg-l

The crystalline potassium dichromate used for SRM 935 is a special lot of analytical reagent grade material
obtained from the J. T. Baker Chemical Co., Phillipsburg, N.J.

Assay: A coulometric assay of the purity of the undried material was performed by G. Marinenko of the NBS
Analytical Chemistry Division. The purity of SRM 935, expressed as an oxidant, was found to be 99.972 + 0.005
percent where the uncertainty figure represents the 95 percent confidence interval for the mean based on 11
degrees of freedom. In addition, the material was examind by optical emission spectrometry for trace elemental
impurities by J.-A. Norris of the NBS Analytical Chemistry Division. The only significant impurities detected
were sodium and rubidium. Their concentrations were estimated to be in the range of 0.02 and 0.03 percent,
respectively. Drying at 105 °C for 12 hours showed that the surface moisture of this material was less than
0.01 percent. )

. Stability: Solutions prepared from SRM 935 in the concentration range indicated in table 1 and made according
to the instructions given in NBS SP 260 54 have been found to be stable within the uncertaintics given in table 1
for at least six months when stored at room temperature and protected from evaporation and exposure to light.

INSTRUCTIONS FOR USE

The use of SRM 935 as an absorbance standard requires the careful preparation of a series of solutions of
known concentrations, ¢, of the potassium dichromatc in 0.001 N pcrchloric acid. Thesc solutions arc trans-
ferred to a quartz cuvette of known pathlength, b, and their apparent absorbances measured at wavelengths
235, 257, 313, and 350 nm, using the spectral bandpass requirements given in table 1. The preparation and
measurement of these solutions are described in detail in Section 5 of NBS SP 260-54.
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The accuracy of the absorbance scale of the spectrometer being iested is ascertained by comparing the measured
apparent absorbances, A,, of a series of 0.001 N perchloric acid solutions containing 0.020 to 0.100 gram
K2Cr207/kg to the A, values calculated from the certified €, values. Although the €, data intable 1 are given for
nominal concentrations of 0.020, 0.040, 0.060, 0.080, and 0.100 g K2Cr207/kg, the €, values for concentrations
between these nominal concentrations can be determined by linear interpolation. Using the appropriate €,
values, the calculated A, values at 23.5 °C are obtained from the expression:

Ayr=&Gxbxc )

lations:

An example of the calculation of A, for one concentration of K2Cr207 under a specified set of conditions is
shown below. Calculations of A, for other concentrations and wavelengths are performed in a similar manner.

Conditions: Wavelength = 350 nm, spectral bandpass 0.8 nm or less

b =0.9982 cm o
c =0.04375 g'kg
t =23.5°C

From column 6, table 1, the €, for concentra_tlions of 0.040 and 0.060 g-kg-! are 10.682 and 10.692, respectively.
The corresponding €, for ¢ = 0.04375 g-kg  is:

0.04375 —0.040 _
0.060 — 0.040 (10692

€, =10.682 + 0.0019
€, = 10.684

€, =10.682 + 10.682)

The calculated apparent absorbance, A,, from equation 2, is:

As = 10.684 x 0.9982 x 0.04375

A, = 0.4666
The uncenaimy; AA,, in the calculated A, is determined from the combined uncertainties in €,, b, and ¢ in
equation 2, provided no other systematic errors are present. Thus:

A, = bc| A€, |+ €xc| ab|+ €0 Ac] )
To evaluate AA,, A€, is taken from column 7 of table 1 and the Ab and Ac values must be determined experi-
mentally.
In the experiments perf oImed to obtain the €, values in table 1, the uncertainties for b and ¢ did not exceed 1 part
in 10" and 2 parts in 10, respectively.
The solution of equation 3 gives:

AA, = 1(0.044) (0.020) + 10.7(0.044) (0.0001) + 10.7(1) (0.0000088)
=0.0010
Thus, the uncertainty of A,, for the above set of conditions, is 10.0010.
The correction of the absorbance scale of the absorption spectrometer under test is determined by plotting the
differences between A, measured and A, calculated as a function of absorbance. A typical plot of such a graph
is shown in figure 1. The apparent absorbances measured on this instrument at 350 nm are accurate when the
indicated correction is subtracted from the corresponding absorbance scale reading, provided that the
conditions of wavelength accuracy, spectral bandpass, and absence of stray light are fulfilled as specified in
NBS SP 260-54. Correction curves for wavelengths 235, 257, and 313 nm are obtained in a similar manner.
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Figure 1. Correction curve for the absorbance
scale of a precision spectrometer. The error bars
are the sum of the errors arising from the uncertain-
ties in the certified apparent specific absorbances,
€., cuvctte pathlength, b, and concentration, c.
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Temperature Correction;

Although €, values in table I are certified a1 23.5°C, SRM 935 can be used as an absorbance standard at other
temperatures in the range 20to 30 °C provided corrections are made to the €, values. Over this range the
apparent specific absorbances decrease linearly with increasing temperature for all the wavelengths given in
table 1. The corresponding temperature coefficients, k, for these wavelengths are given in table 2.

Table 2. Variation of €, with Temperature Over the Range 20 to 30 °C.

A, nm Temperature Cocfficient, k
Percent per degree Celsius

235 -0.05

257 —0.05

313 -0.02

345 —0.08

350 -0.05

The value of €, at any temperature in the range 20 to 30 °C can be calculated from the centified vahie and the
appropriate temperature coefficient using the relation:

k
[l +-ma (t- 23.5)]

= apparent specific absorbance at temperature t (°C)
3.5

23.5

&=€
where: €,
5= apparent specific absorbance certified at 23.5 °C.
k = temperature coefficient, percent per °C.
REFERENCES

1. Burke, R. W_, and Mavrodincanu, R., Acidic Potassium Dichromate Solutions as Ultraviolet Absorbance
Standards, J. Res. Nat. Bur. Stand. (U.S.), 80A (Phys. and Chem.), No. 4, 631-636 (July-Aug. 1976).

2. Burke, R. W, and Mavrodineanu, R., Certification and Use of Acidic Potassium Dichromate Solutions as
an Ultraviolet Absorbance Standard, NBS Spec. Publ. 260-54 (1977). Copies may be obtained from the
Office of Standard Reference Materials, National Bureau of Standards, Washington, D.C. 20234,

3. Mavrodineanu, R., An Accurate Spectrophotometer for Measuring the Transmittance of Solid and Liquid
Materials, J. Res. Nat. Bur. Stand. (U.S.), 76A (Phys. and Chem.), No. 5, 405-425 (1972).
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Didymium Glass Filter for Checking the

Wavelength Scale of Spectrophotometers

Kenneth L. Eckerle and William H. Venable, Jr.

Serial Number:

This SRM is intended for use in calibrating the wavelength scale in the visible wavelength region of scanning
spectrophotometers having nominal bandwidths in the range 1.5 to 10.5 nm. Depending upon the bandwidth of
the spectrophotometer, anywhere from 14 to 24 wavelength corrections can be determined from 400 to 760 nm.
Detailed instructions on the use of this SRM and examples of its use are given in NBS Special Publication
260-66. Each didymium-glass filter is identified by the SRM number and a serial number.

The wavelengths of the transmittance minima as obtained from measurements on two filters representative of
the melt are given in Table 1. These values are given for seven equally spaced values of the half-height width of
triangular passbands. The minima number is identified in the figure that illustrates the spectral transmittance as
a function of wavelength. The wavelength values of nine points of inflection on the spectral transmittance curve
as obtained on two filters are given in Table 2. These inflection points are representative of the melt and are also
identified in the figure. These inflection points should only be used with the transmittance minima as described
in Sections 2.2 and 2.3 in SP 260-66.

The measurements on which these tables are based were made at 25 °C with a high-precision reference spectro-
photometer that has a wavelength accuracy of 0.04 nm. Table 3 indicates the estimated random (as obtained
from 4 sets of measurements on a single filter) and systematic errors of the transmittance minima givenin Table
1. Table 2 also indicates the range of the measured wavelengths of the inflection points. Trial calibrations made
on several instruments, using both minima and inflection points, indicate that wavelength corrections made with
these SRM’s can be accurate 10 0.2 nm. The uncertainty of a calibration, however, will depend upon the stability
and other characteristics of a particular instrument.

The technical and support aspects involved in the preparation, cenification, and issuance of this SRM were
coordinated through the Office of Standard Reference Materials by R. K. Kirby.

The spectral transmittance as a function of wavelength for a filter representative of the melt is given in Table 4.
These values are not certified but are provided for use as specified in SP 260-66. They should not be used 10 check
the photomertric scale of a specirophotometer.

It'is recommended that the filter be handled only by its edges and when not in use it should be stored in the box
prévided. If cleaning is nccessary. wet the filter with water and rub gently with optical lens tissue soaked witha
mild soap solution, rinse with distilled water, rinse with isoprophyl alcohol, and rinse again with distilled water.
Dry after each rinsing by wiping lightly with optical lens tissue.

Washington, D.C. 20234 George A. Uriano, Chief
January '8, 1980 Office of Standard Reference Matcrials
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1.5nm

402.42
-431.50
440.27
445.59
472.72
478.89
513.45
529.58
572.69
585.34
623.62
629.53
684.66
739.86
748.28

Table |

Centified Wavelengths (nm) of the Transmittance

Minima for the Indicated Bandwidths

3.0nm

401.81
432.48
440.52
445.14
472.58
479.34
513.61
530.02
5§73.27
585.54
624.02
629.4]
684.68
739.96
748.10

4.5nm

401.69
441.84

47288
479.28
513.89
529.90
57421
585.77

628.56

684.71
740.24

Table 2

6.0 nm

401.66

442.52

47831
514.31
529.47
51511
586.02

627.03
684.72
740.91

Wavelengths and Transmittances at Nine Selected

Point
Identification

A

B

Points of Inflection

Wavelength

(nm)

406.44

429.43

449.49

484.84

536.50

568.15

599.05

733.39

756.45

Range*
(nm)
+.08
-.06

+.05
-.05

+.06
—.06

+.10
=15

+.06
-.09

+.08
.04

+.05
-.07

+.06
-.03

+.01
—.02

7.5n0m 9.0 nm
401.42 400.95
442.37 442.08
477.36 476.50
515.38

529.27 529.12
576.59

585.99 585.35
627.02

684.71 684.66
742.01 74297

Transmittance T

0.7760

7359

6516

.6758

.5805
.4023
3348

4719

4177

*The range of wavelengths within which the wavelength for the given trans-
mittance will fall for symmetric triangular passbands with half-height band-
widths from 1.5 to 10.5 nm.

+These values of transmittance are not certified.
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441.33

475.65

528.88

584.42
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Table 3

Estimated Random and Systematic Errors of the Transmittance Minima

Band Nominal Standard Deviation for Indicatcd Bandwidth
Number Wavelength
of Minimum 1.5 nm 3.0 nm 4.5nm 6.0 nm 7.5 nm 9.0 nm 10.5 nm
Transmitlance
1 407 nm (g.g;)s‘nm 0.01% nm 0.020nm  0.021nm 0.025nm  0.020am -
- i

2 a1 (g'géf 0.010 - - - - -
0.02} 0.007 nm

3 440 005) 0013 0.050 0.028 0.009 0.005 025
0.023

4 446 ©006) 0.029 - - - - -

s 473 (8'8:;; 0.012 0.032 - - - -
0.015 0.017

6 419 015 0.013 0.009 0.009 0.008 0.014 ©25)

7 573 (g'gg 0.016 0.014 0.013 0.010 - -
0.012 . 0.010

8 530 021 0.010 0.010 0.011 0.010 0011 029

9 573 (g'g 0.010 0.010 0012 0.014 - -
0.007 ’ 0.007

10 585 ©.06) 0.004 0.007 0.008 0.008 0.007 025
0.058

n 624 ©006) 0.061 - - - - -

12 630 ‘g‘g’ 0.120 0171 0.133 0.091 - -
0.019 0.012

13 685 ©005) 0.029 0.024 0.017 0.014 0.014 ©.25
0.009 0.010

7
14 40 ©0.25 0.013 0.011 0.010 0.009 0.009 0.25)
15 748 ‘8'342;’ 0.016 - - - - -

1Values in parentheses are estimates of the systematic error. The estimates for the 1.5 nm bandwidth were obtained from the data taken at
1.5 wm inicivals s comparad v daia isken at 0.i5 nm intcrvais. The method of estimating the sysiematic errors for the 10.5 nm bandwidth
is described in Section 3.4 in SP 260-66.

SRM 2009
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TABLE 4

Transmittance (T) as a function of wavelength from 380 to 780.5 nm
for 2 bandwidth of 1.5 nm. The estimates of random and systematic
errors are also provided. These data are not certified.

Wave- | AT AT - Wave- AT AT
Length Standard System- Length Standard System=
(nm) T Error atic (nm) T Error atic
380.00 .61832 .000054 .00010 381.50 .6389€ .000085 .00010
383.00 .66210 .000064 .00010 384.50 .68291 .000079 .00010
386.00 ./0112 .000O0O47 .0001U 387.50 .7188> - .000071 .00010
389.00 .73590 .000095 .00010 390.50 .74954 .000040 .00010
392.00 .76201 .000083 .00010 393.50 .77104 .00C055 .00010
395.00 .77620 .000064 .00010 3%6.50 .77123 .000038 .00010
398.00 .75013 .000069 .00010 399.50 .72419 .000079 .00010
401.00 .70966 .000070 .00010 402.50 .69505 .000071 .00010
404.00 .73683 .000057 .0001C 405.50 .75886 .000047 .00010
407.00 .77756 .000088 .00010 408.50 .80673 .000072 .00010
410.00 .82277 .000058 .00010 411.50 .82813 .000038 .00010
413.00 .83115 .000060 .00010 414.50 .83287 .000075 .00010
416.00 .83222 .000060 .00010 ‘ 417.50 .83200 .00002%9° .00010
419.00 .83277 .000059 .00010 420.50 .83844 000066 .00010
422.00 .83711 .000064 .00010 423.50 .83328 .000052 .00010
425.00 .83511 .000049 .00010 426.50 .83414 .000045 .00010
428.00 .81620 .000055 .00010 429.50 .72877 .000023 .00010
431.00 .62212 .000096 .00010 432.50 .63478 .000039 .00010
434.00 .64183 .000057 .00010 435.50 .63392 .000059 .00010
437.00 .61858 .000049 .00010 438.50 .60090 .000038 .00010
440.00 .59163 .000064 .00010 441.50 .59496 .000053 .00010
443.00 .60082 .000063 .00010 444.50 .59576 .000068 .00010
446.00 .59315 .000055 .00010 447.50 .60769 .000044 .00010
449.00 .63551 .000083 .00010 450.50° .66313 .000060 .00010
452.00 .68002 .000069 .00010 453.50 .69110 .000057 .00010
455.00 .70206 .000027 .00010 456.50 .70341 .000033 .00010
458.00 .69051 '.000025 .00010 459.50 .66807 .000049 .00010
461.00 .64890 .000057 .00010 462.50 .63966 .000060 .00010
464.00 .63837 .000070 .00010 465.50 .63353 .000040 .00010
467.00 .62094 .000072 .00010 468.50 .60572 °.000053 .00010
470.00 .59042 .000008 .00010 471.50 .57213 .000072 .00010
473.00 .56160 .000033 .00010 474.50 .58414 .000031 .00010
476.00 _.59528 .000052 .00010 477.50 _.56003 .000052 .00010
479.00 .54953 .000070 . .00010 ' 480.50 .55659 .000036 .00010
482.00 .57326 .000025 .00010 483.50 .62009 .000040 .00010
485.00 .67764 .000052 .00010 486.50 .72126 .000072 .00010
488.00 .75412 .000045 .00010 489.50 .78321 .000082 .00010
491.00 .80556 .000035 .00010 492.50 .81759 .000060 .00010
494.00 .82117 .000063 .00010 495.50 .81916 .000038 .00010
497.00 .81233 .000096 .00010 498.50 .80115 .000044 .00010

SRM 2009
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TABLE 4 (cont)

Wave- AT AT Wave- AT AT
Length Standard System- Length Standard System-
{nm) T 'Error atic (nm) T Error atic
500.00 .78689 .000060 .00010 501.50 .77050 .000062 .00010
503.00 .75433 .000047 .00010 504.50 .73899 .000046 .00010
506.00 .72185 .000070 .00010 507.50 .69622 .000054 .00010
509.00 .65070 .000060 .00010 510.50 © .58889 .000023 .00010
512.00 .53799 .000044 .00010 513.50 .51737 .000050 .00010
515.00 .53523 .000035 .00010 516.50 .56547 .000033 .00010
518.00 .58503 .000042 .00010 519.50 .59603 .000038 .00010
521.00 .57933 .000049 .00010 522.50 .51464 .000058 .00010
524.00 .43678 .000044 .00010 525.50 .40684 .000029 .00010
527.00 .39690 .0oous7y .00010 528.50 .36734 .000019 .00010
530.00 .36174 .000012 .00010 531.50 .37185 .000046 .00010
533.00 .38958 -.000046 .00010 534.50 .45072 .000037 .00010
536.00 .54457 .000052 .00010 537.50 .63283 .000038 .00010
539.00 .69863 .000066 .00010 ‘ 540.50 .75111 .Q000028 .00010
542.00 .79247 .000062' .00010 543.50 .82093 .000050 .00010
545.00 .84006 .000043 .00010 546.50 .85304 .000068 .00010
548.00 .86137 .000073 .00010 549.50 .86532 .000043 .00010
551.00 .86587 .000068 .00010 552.50 .86526 .000035 .00010
554.00 .86482 .000057 .00010 555.50 .86353 .000038 .0001Q
557.00 .85997 .000035 .00010 558.50 .85316 .000088 .00010
560.00 .84237 .000045 .00010 561.50 .82504 .000060 .00010
563.00 .79728 .000048 .00010 564.50 .75134 .000031 .00010
566.00 .66681 .000052 .00010 567.50 .50244 .000030 .00010
569.00 .25719 .000033 .00010 570.50 .07751 .000011 .00010
572.00 .02604 _000010 .00010 573.50 -02536 -.000013 -00010
575.00 .03443 .000011 .00010 576.50 .03857 .000013 .00010
578.00 .05117 .000012 .00010 579.50 .06944 .000014 .00010
581.00 .06863 .000007 .00010 582.50 .03836 .000014 .00010
584.00 .01549 .000007 .00010 585.50 .01027 .000006 .00010
587.00 .01577 .000016 .00010 588.50 .02979 .000022 .00010
590.00 .04702 .000023 .00010 591.50 .05748 .000009 .00010
593.00 .07588 .000013 .00010 594.50 .11929 .000028 .00010
596.00 .19036 .000034 .00010 597.50 .26661 .000020 .00010
599.00 .32378 .000038 .00010 600.50 .38146 .000043 .00010
602.00 .44667 .000041 .00010 603.50 .51047 .000043 .00010
605.00 .56569 .000048 .00010 606.50 .60327 .000074 .00010
608.00 .62507 .000047 .00010 609.50 .64527 .000041 .00010
611.00 .68076 .000072 .00010 612.50 .73522 .000054 .00010
614.00 .79774 .000073 .00010 615.50 .84664 .000067 .000l0
617.00 .87427 .000086 .00010 618.50 .88467 .000056 .00010
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Wave-
Length

(nm)

620.00
623.00
626.00
629.00
632.00
€635.00
638.00
641.00
644.00
647.00
650.00
653.00
656.00
659.00
662.00
665.00
668.00
671.00
674.00
677.00
680.00
683.00
686.00
689.00
692.00
695.00
698.00
701.00
704.00
707.00
710.00
713.00
716.00
719.00
722.00
725.00
728.00
731.00
734.00
737.00

SRM 2009

m

.88413
-87047
.87359
.87008
.87569
.88828
.89322
.89755
.90014
.90124
.90106
.90218
.90301
.90198
.89951
.89155
.87844
.86691
.85883
.84419
.81611
.77773

77287
.80954
.84399
.87138
.88764
.89577
.89957
.90166
.90225
.90041
.89593
.88755
.87336
.84758
.79437
.66643
.40413
17772

AT
Standard
Error
.000042
.000037
.000066
.000069
.000048
.000124
.000035
.000085
.000052
.000041
.000034
.000054
.000082
.000049
.000104
.000045
.000079
.000077
.000035
.000077
.000076
.000111
.000111
.000080
.000066
.000058
.000054
.000056
.000049
.000056
.000066
.000056
.000042
.000075
.000061
.000054
.000071
.000039
.000053
.000064

TABLE 4

AT

System-

atic
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
.00010
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(cont)

Wave-
Length

(nm)

621.50
624.50
627.50
630.50
633.50
636.50
639.50
642.50
645.50
648.50
651.50
654.50
657.50
660.50
663.50
666.50
669.50
672.50
675.50
678.50
681.50
684.50
687.50
690.50
693.50
696.50
699.50
702.50
705.50
708.50
711.50
714.50
717.50
720.50
723.50
726.50
729.50
732.50

 735.50

738.50

AT AT
Standard System-
T Error atic

-87711 .000071 .00010
-87083 .000060 .00010
.87310 .000069 .00010
.87085 .000064 .00010
.88221 .000043 .00010
.89117 .000089 .00010
.89543 .000062 .00010
.89905 .000051 .00010
.90080 .000043 .00010
.90112 .000060 .00010
.90149 .000079 .00010
.90300 .000066 .00010
-90256 .000044 .00010
.90115 .000091 .00010
-89656 .000071 .00010
.88540 .000079 .00010
.87177 .000085 .00010
.86284 .000056 .00010
-85369 .000076 .00010
-83115 .000053 .00010
.79779 .000063 .00010
.76323 .000051 .00010
-79255 .000057 .00010
.82685 .000045 .00010
.85936 .000052 .00010
.88070 .000036 .00010
-89254 .,000029 .00010
-89798 .000040 .00010
-9008% .000060 ..00010
.90231 .000071 .000l0
.90168 .000071 .00010
.89850 .000060 .00010
.89232 .000040 .00010
.88137 .000049 .00010
.86256 .000086 .00010
.82620 .000070 .00010
.74399 .000039 .00010
.55165 .000033 .00010
.26498 .000040 .00010
.14784 .000028 .00010



TABLE 4 (cont)

Wave- AT AT Wave- AT AT
Length Standard System- Length Standard System-
(nm) T Error atic (nm) T ‘Error atic
740.00 .14400 .000017 .00010 © 741.50 .14841 .000015 .00010
743.00 .16928 .000022 .00010 744.50 -19331 .000020 .00010
746.00 .19302 .000027 .00010 747.50 .17683 .000014 .00010
749.00 .17678 .000040 .00010 750.50 .20220 .000026 .00010
752.00 .24335 .000050 .00010 753.50 .29149 .000049 .00010
755.00 .34682 .000095 .00010 756.50 .4086Y .000063 .00010
758.00 .47017 .00009% .00010 759.50 .52523 .000164 .00010
761.00 .57256 .000071 .00010 762.50 .61237 .000077 .00010
764.00 .64917 .000089 .0Q0010 765.50 .68412 .000093 .00010
767.00 .71596 .000088 .00010 768.50 .74294 .000080 .00010
770.00 .76342 .000040 .00010 771.50 .77754 .000144 .00010
773.00 .78603 .000082 .00010 774.50 .78934 .000082 .00010
776.00 .78665 .000098 .00010 777.50 .77668 .000050 .00010
779.00 .75800 .000083 .00010 780.50 ..73040 .000120 .00010
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U.S. Depariment of Commerce
Elliot L. Richardson.
Secretary

National Bureau of Standard-
Emest Ambier. Acting Direcuor

National Burean of Standards
‘ Certificate
Standard Reference Material 2030

Glass Filter tor Transmittance Measurement

R. Mavrodmeanu and J. R.'Baldwin

This Standard Reference Matenai is intended as a reference source for one-point verification of the transmit-
tance and absorbance scales of spectrophotometers at tne given wavelength and measured transmittance. It
consists of one glass filter in its holder and one empty filter holder. The filter bears an identification number.
For protection, the meta} holder is provided with two shutters that should be removed during measurements.

The transmittance. T, at A 465.0 nm and for a spectrai bandpass of 2.7 nm is: . The cor-
responding transmission density, —logioT. is:

Date of Centification: -

The transmittance value (T) can be convened to percent transmittance (9 T) by multipiying by 100. The trans-
mission density is calculated from the measured transmitiance (T). This value should be indicated by the
absorbance scale of the spectrophotometer if the finer 1s measured against air.

The transmitiance value given was measured against air at an ambient temperature of 23.5 °C, and is estimated
to be accurate 1o within 0.5 percent at the ume of certiticat,on. This uncertainty includes the random and
systematic errors of the calibration procedure. as well as transauitance changes of the filter during the period of
calibration.

It is possible that aging of the glass may cause some filters 1o chunee transmittance by about %] percent over a
period of approximately | year from the date of calibration. Imp;oper storage or handling of the filier may also
cause changes [S]. In cases where verification is desirable, the filter snould be returned to the National Bureau of
Standards for cleaning and recalibration.

It is recommended that the fil*~r ir. the holder be handled only by the edees and with soft plastic (polyethylene)
gloves and optical lens tissue. When not in use, it should be stored in 1ts holder, with the shutters on, and in the
box provided for this purpese. Extended exposure to laboratory atmosphere and dusty surroundings should be
avoided.

This Standard Reference Material was issued with the assistance and advice of K. D. Mielenzand J. R. DeVoe.

The technical and support aspect involved in the preparation, cenification, and issuance of this Standard
Reference Material were coordinated through the Office of Standard Reference Materials by R. W. Seward.

Washington, D.C. 20234 J. Paul Cali, Chief
September 23, 1976 Office of Stanaard Reference Materials
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The transmittance measurements were made using the high-accuracy spectrophotometer designed and built at
the Institute for Materials Research, National Rureau of Standards{1]. Thisinstrument represents the primary
transmittance standard; its transmittance accuracy was established using the double-aperture method of
linearity testing [1,3,5,6]. The reproducibility (relative standard deviation obtained from a set of 20 measure-
ments) of this high-accuracy spectrometer for transmittance measurements on glass fiiters similar to the one
used to produce this SRM, is approximately 0.02 percent.

The combined uncorrected systematic errer of the instrument-is estimated 1o be not more than 107 transmit-
tance units.

As indicated on the face of this certificate, SRM 2030 is intended to be used as a one-point verification of the
transmittance (absorbance) scales of spectrophotometers. If these scales require verification at other wave-
lengths and transmittances, “Glass Filters for Spectrophotometry,” SRM 930c or subsequent issues, should be
used.

The neutral glass for the filter was provided by Schott of Mainz, Germany, and is designated as “Jena Color and
Filter Glass ™ [2,5].

The exposed surface of the glass is approximately 29 X & mm, measuring from a point 1.5 mm above the base of
the filter holder (see figure). The empty tilter holder 1s provided to be used 1n the reterence beam of the spectro-

photometer so that approximately equivalent conditions of stray radiations are achieved for both beams.

The transmittance of the filter depends upon the intrinsic properties of the material, spectral bandpass, wave-
length, geometry of the optical beam, temperature, and positioning of the filter. A change of ambient tempera-
ture of 1 or 2 °C from 23.5° C will not significantly affect'the calibration [5].Changes in the transmittance maybe
caused by surface conditions, aging of the glass, exposure to a harmful atmosphere, or careless handling as
indicated on the face of this certificate [2.3,4,5]. The effective spectral bandpass used to determine the certified
value is given on the face of the certificate and the transmittance measurements are made by producing the
vertical image of the slit (about 8 mm by 0.5 mm), using a convergent beam geometry with an aperture ratio f: 10,
in the middle of the entrance face of the glass filter. The filter was measured in the spectrophotometer in a
position perpendicular to the incident light beam as shown in the attached figure.

Prior to certification measurements, the filter was examined for surface defects and thoroughly cleaned [5).
Should the surface of the glass filter become contaminated, no attempt should be made to clean 1t unless the user
has the facilities to demonstrate that the cleaning treatment has not altered the glass surface or degraded the
accuracy of the certified value. Because the Standard Reference Material is a transfer standard, the only means
available to verify its integrity is remeasuring its transmittance with a primary standard instrument similar to
that used in this certification [1,4,5]. In most cases where verification, or recertification, of the transmittance
value is desirable, it will be most expeditious to return the filter to the National Bureau of Standards for
measurement. Prior to shipment the NBS Office of Standard Reference Materials should be contacted regard-
ing the conditions and cost of verification and/or recertification.

REFERENCES

[1] R. Mavrodineanu, An Accurate Spectrophotometer for Measuring the Transmittance of Solid and Liquid
Materials, NBS Journal of Research 76A, No. 5, 405425 (1972).

[2] R. Mavrodineanu, Solid Materials to Check the Photometric Scale of Spectrophotometers, NBS Tech.
Note 544, O. Menis and J. 1. Shultz, ed., pp 6-17, U.S. Government Printing Office, Washington, D.C.
20402 (Sept. 1970), ibid NBS Tech. Note 584, pp 2-21 (December 1971).

[3] K. S. Gibson, Spectrophotometry, NBS Circ. 484 (Sept. 1949).

[4] Collected Papers from NBS Conference on Accuracy in Spectrophotometry and Luminescence Measure-~
ments, NBS Journal of Research 76A, No. S, 375-510 (1972).

[5] R. Mavrodineanu and J. R. Baldwin, Glass Filters as a Standard Reference Material for Spectrophoto-
metry-Selection, Preparation, Certification, Use SRM 930, NBS Special Publication 260-51, U.S. Govern-
ment Printing Office, Washington, D.C. 20402, (1975).

[6] K. D. Mielenz and K. L. Eckerle, Spectrophotometric Linearity Testing Using Double-Beam-Aperture
Method, Appl. Optics, 11, 2294-2303 (1972).
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METAL HOLDER FOR THE COLORED GLASS FILTERS

DIMENSIONS IN mm

114

METAL HOLDER
S7T X 13 x13

EXPOSED FILTER SURFACE
29X 8

COLORED GLASS FILTER
30.5 X It X 2.0 (01 1.5)



U. S. Department ot Commerce
Maicolm: Baldnge

Secretay
Nationa! Burewu of Standards
Ernest Ambler Drrecton

National Burean of Standards

(ortificate of @alibration
Standard Reference Material 2031
Metal-on-Quartz Filters for Spectrophotometry

This Standard Reference Material is intended for use in the verification of the transmittance and absorbance scales of
conventional spectrophotometers in the ultraviolet and visible regions of the electromagnetic spectrum. It consists of three
individual filters in their metal holders and one empty filter holder. Two filters, having nominal transmittances of 10 and 30
percent, were produced by evaporating different thicknesses of chromium metal on 1.5-mm thick fused silica plates that had
been precision ground and polished. These metal films are protected by 1.5-mm clear fused silica cover plates optically
contacted to the base plates. The third filter is a single fused silica plate 3-mm thick, having a nominal transmittance of ¢
percent. The metal holders for these filters are provided with shutters to protect the filters when notin use. The shutters must
be removed at the time of measurement and be replaced after the measurements have been completed. Each filter holder
bears the set and filter identification number.

TRANSMITTANCE (T)

Set
and
Filter

Ident.
Number 250.0 280.0 340.0 360.0 400.0 465.0 500.0 . 546.1 590.0 635.0

Wavelength, nm

TRANSMITTANCE DENSITY (-log;oT)

Set

and Wavelength, nm

Filter

ldent. 250.0 280.0 340.0 360.0 40 0

Number . N . 60. 0.0 465. 500.0 546.1 590.0 635.0

Date of Certification:

Washingion, D.C. 20234 George A. Uriano, Chief
September 20, 1982 Office of Standard Reference Materials
(Revision of Certificate

dated 6-1-79) 115



The transmittance values (T) can be converted to percent transmittance (%T) by multiplying by 100. The transmittance
densities were calculated from the measured transmittance (T). These transmittance densities should be indicated by the
absorbance scale of the spectrophotometer when the filters are measured against air. All of the certified transmittance values
were obtained by measuring against air 21 an ambient temperature of 23.5 °C.

The uncertainties of the certified transmittance values of these filters do not exceed 1.0 percent. These uncertainties inciude
0.5 percent for random errors of the calibration procedure, as well as 0.5 percent for possible changes in the transmittance
with time. The long-term stability of the filters with the chromium film has not been rigorously established. Measurements
to date. however. suggest that the transmittance of the chromium-coated filters could change by as much as 0.5 percent in the
first year after calibration. Therefore, this SRM should be returned to the National Bureau of Standards for free verification
of the transmittance values on the first anniversary of the certification date. Information regarding subsequent verifications
or recalibrations, including costs for such service, will be included with this first verification report. Before returning this
SRM 1o NRS, information regarding such shipment shavld be abtained from the Office of Standard Reference Materials,
Room B311, Chemistry Building, National Bureau of Standards, Washington, DC 20234. Telephone: (301) 921-2641.

When not in use, the filters should be stored in their holders with the shutters in place and in the metal container provided for
this purpose. Extended exposure to laboratory atmosphere and dirty surroundings should be avoided.

The transmittance measurements were made using the high-accuracy spectrophotometer designed and built in the NBS
Center for Analytical Chemistry [/]. This instrument is the primary transmittance standard; its transmittance accuracy was
established using the double-aperture method of linearity testing [1,3,5,6].

Transmittance measurements for SRM 2031 are made by producing the vertical image of the slit (about 8 mm by 1.5 mm),
using a convergent beam geometry with an aperture ratio {:10, in the middle of the entrance face of the filter. The filters were
‘measured in the spectrophotometer in a position perpendicular to the incident light beam. A spectral bandpass of 1.6 nm was
used for measurements at all wavelengths. Because the transmittances of these filters exhibit an appreciable optical
neutrality, the dependence of transmittance on bandpass is not critical and wider bandpasses may be used in routine measure-
ments. For a quantitative discussion of this subject, the user should consuit reference S, pp. 32 and 33.

The transmittance, T, was measured against air in the reference beam; hence it includes the reflection losses that occur at the
air-filter interface. Under these circumstances the measured transmittance, T, has a corresponding transmittance density,
defined as -logio T. The internal transmittance, T;, of 2 material is defined as the transmittance of the material corrected for
reflection losses. This is obtained experimentally when the measurements are made against a blank sample in the reference
beam. The absorbance, A, of a material is related to this internal transmittance, Ti, by the expression, A = logioT:i.

The exposed surface of each filter is approximately 29 x 8 mm, measuring from a point 1.5 mm above the base of the filter
holder (see figure). The empty filter holder provided is to be used in the reference beam of the spectrophotometer so that
approximately equivalent conditions of stray radiation are achieved for both beams. The transmittance of the filters depends
upon the intrinsic properties of the material, wavelength, spectral bandpass, geometry of the optical beam, temperature, and
positioning of the filter. While changes in ambient temperature of | or 2 °C from 23.5 °C have not significantly affected the
calibration, the effect of temperature variations exceeding 2 °C have not been investigated. Changes in the transmittance
may be caused by surface conditions, aging of the material, exposure to a harmful atmosphere, or careless handling [2,3,4,5)

SRM 2031 is stored in a black anodized aluminum comainer provided with a threaded cap made of the same mctal. Each
filter is placed in a cylindrical cavity to prevent any contact between the filter face and the walls of the storage container.
Contamination of the filter surface with particulate matter due to static charges is minimized through the metallic nature of
the container. A flat leaf spring is inserted into the cylindrical cavity with each filter holder to minimize damage during
transportation. These springs can be removed during normal use in the laboratory.
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The filter is shown in the assembled unit with its front surface facing up. The filter, in its filter holder, should be
placed in the cuvette compartment of the spectrophotometer with its front surface facing the incident light beam
and the rear surface facing'the photodetector.

b

Top: Cylindrical container with its screw cap, both made of black-anodized aluminum alloy. Four filter holders
can be stored in the cylindrical container. Bottom (from left to right): Aluminum alloy filter holder, 12.5 mm
square and 58 mm high; Metal-on-quartz filter; Retaining spring of beryllium-copper with nylon screw and
washer; Assembled unit; and Two Delrin shutters. All metal and plastic parts are flat black.
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Prior to certification measurements, each filter was examined for surface defects and the condition of the optical contact[5). -
Should the surface of the filter become contaminated, no attempt should be made to clean it unless the user has the facilities to
demonstrate that the cleaning treatment will not alter the surface or degrade the accuracy of the certified values. As SRM
2031 is a transfer standard, the only means available to verify its integrity is to remeasure its transmittance with a primary
standard instrument similar to that used in this certification [1,5]. In most cases, where verification or recertification of the
transmittance values is desirable, it will be most expeditious to return the filters to the National Bureau of Standards for
measurement.

Further information concerning the selection, preparation, and properties of SRM 2031 will be found in reference 5.

The research, development, and initial production of this SRM were conducted by R. Mavrodineanu and J.R. Baldwin, NBS
Inorganic Analytical Research Division.

The transmittance measurements were performed by R.W. Burke, Inorganic Analytical Research Division, and M.V. Smith,
Office of Standard Reference Materials. Technical leadership for the preparation and measurements leading to certification

was provided by R.W. Burke.

The overall direction and coordination of technical measurements leading to certification were performed under the chair-
manship of E.L. Garner.

The technical and support_aspects involved in the preparation, certification, and issuance of this Standard Reference
Material were coordinated through the Office of Standard Reference Materials by R.W. Seward.

We wish to acknowledge the cooperation of George N. Bowers, Jr., M.D., of Hartford Hospital, Hartford, Connecticut;
Royden N. Rand, Ph.D., of the Eastman Kodak Co. Research Laboratories, Rochester, New York; and Donald S. Young,
M.D., Ph.D., of the Mayo Clinic, Rochester, Minnesota.

The contributions of H.E. Bennett and J.M. Bennett of the Michelson Laboratory, Physical Optics Branch, Naval Weapons
Center, China Lake, California, who helped in the initial production of SRM 2031 are also gratefully acknowledged.
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Standard Reference Material 2032

Crystalline Potassium Iodide

Heterochromatic Stray Radiant Energy Standard for
Ultraviolet Absorption Spectrophotometry

K. D. Mielenz and R. Mavrodineanu

This Standard Reference Material consists of reagent-grade, crystalline potassium iodide (KI) to be used to
assess heterochromatic stray radiant energy (stray light) in ultraviolet absorption spectrophotometers in the
spectral region below 260 nm. Stray light is assessed by measuring the spectral absorbance of aqueous solutions
of SRM 2032 of known pathlengths and concentrations, and comparing the result with the certified values of the
specific absorbance, e.

Specific Absorbance®
e(L g_' em™'), vs Wavelength, A (nm), at 23.5 °C
A 240 245 250 255 260 265 270 275
€ 25.6 10.67 3.66 1.05 0.260 0.0560 0.0121  0.0031

*-Specific absorbance™ is defined here as absorbance per unit pathlength and unit concentration. The term “absorptivity™ has been avoided
since it is amhiguously defined. See K. D. Miclenz. Anal. Chem. 48. 1093-1094 (1976).

The estimated uncertainty of these values is + 5%, which includes the random and systematic errors of the
calibration procedure, as well as variations due to possible instability of the KI. (See, Certification Procedure.)

The material used to produce SRM 2032 was obtained from the J. T. Baker Chemical Co., P}ulhpsburg, N.J.,in
two bottles, as reagent-grade (99.8% purity) potassium iodide.

SRM 2032 was issued with the technical assistance of J. R. Baldwin, R. W. Burke, A. L. Cummings, B. 1.
Diamondstone, and G. A. Sleater, and under the overall direction of 1. L. Barnes.

The technical and support aspects concerning preparation, certification, and issuance of this SRM were
coordinated through the Office of Standard Reference Materials by R. W. Seward.

Washington, D.C. 20234 George A. Uriano, Chief
October 31, 1979 Office of Standard Reference Materials
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Supplementary Information
Material Testing:

Material homogeneity was tested by measuring the absorbance of 19 aqueous solutions of the KI sampled from
the top, middle, and bc‘mom‘ of each bottle. These measurements, at 265, 267, and 270 nm, showed no evidence of
inhomogeneity. Tests for moisture content (Karl Fischer method) gave an average of 0.007%. This value was
sufficiently small that all certified data are based on weighed samples of the undried, as received, matcrial.

Stability of the material to UV and visible light was tested by exposing the K1 salt in a low-actinic glass bottle to
radiation from a 3 kW xenon-arc lamp at a distance of 25 cm for four days at room temperature. The average
ahsorhances at five wavelengths hetween 240 and 270 nm of aqueous solutions of the exposed material were
1.19% lower than those of solutions of the unexposed material. In view of the severity of this test, this change was
considered minor. Nonetheless, the 1.1 was included in the overall uncertainty of the certified values.

Certification Procedure:

The certified specific absorbances were measured in the NBS Center for Analytical Chemistry high-accuracy
spectrophotometer [1, 2}, equipped with a deuterium lamp and UV averaging sphere [3, 4]. Thirteen aqueous
solutions of K1 with concentrations ranging from 0.03 to 30 g L™ were prepared and measured against distilled
water, using standard fused-silica cuvettes with pathlengths between 10.001 and 10.009 mm®. The absorbance
measurements were performed at the temperature, t = 23.5 *+ 0.5 °C. A 0.2 nm bandpass was used, and
wavelength settings were made with an accuracy of 0.05 nm. The measurements were made on at least three
concentrations at each wavelength. These concentrations were chosen so that most absorbance readings fell
between 0.1 and 1.0 to minimize stray light and bandwidth errors. The data were found to obey Beer’s law.

Thus, the equation, -
e=Alcq m

was used to calculate the specific absorbances, ¢, from the measured absorbances, A, and the known values of
concentration, ¢, and pathlength, £ .

Limits to random error (two standard deviations) of these measurements (including the photometric
imprecision of the spectrophotometer, errors in the repositioning of cuvettes, concentration errors, pathlength
uncertainties, temperature errors, Beer’s law uncertainties, and bandwidth errors) were determined to be &
2.4%. The error due to the 0.05 nm uncertainty of the wavelength calibration of the spectrophotometer is + 1.1%

The uncertainty of 5% stated on the face of this certificate represents the sum of these errors and the above
mentioned 1.19% uncertainty due to instability of the K1. No corrections were applied for the effects of internal
reflections inside the sample and reference cuvettes, nor were the weights corrected to vacuum. These and all
other sources of error were considered negligible.

The temperature cocefficient at 260 nm was determined to be

1 de

- -1 0]
— 5 =0.031°C

For precision measurements, it is recommended that SRM 2032 be used in thermostated cuvettes at 23.5°C, or

that a temperature correction according to Eq. (2) be applied.

®lssued by NBS as SRM 932, Quartz Cuvettes for Spectrophotometry.
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Instructions for Use
Storage and Preparation:

SRM 2032 should be stored in the original, low-actinic glass bottle and the cardboard container in which it was
issued to protect it from unnecessary exposure to light and humidity. When so stored, the expected stability of
this material is at least three years. Thus, until additional stability data are obtained, this material should be used
within three years of the date of purchase. '

All solutions prepared from SRM 2032 should be made in borosilicate glass containers using distilled water and
transfer pipettes (Pasteur type) of the same glass and fitted with rubber bulbs®. Use clean spectrophotometer
cuvettes, free of scratches, made of non-fluorescent fused silica, and fitted with ground-glass or Teflon stoppers
to minimize evaporation; or preferably use NBS SRM 932. Mark all cuvettes to assure the same orientation in
the spectrophotometer, and place them into their respective holders. Using transfer pipettes of the type
mentioned, rinse each cuvette several times with distilled water. Prepare a solution of K1 in distilled water (c.g.,
19%), fill the sample cuvette with the KI solution and the reference cuvette with distilled water. Measure the
absorbance, leaving the cuvettes in their holders, empty them (using the pipettes), and repeat the rinsing and
filing aperatians until constant ahsnrbance readings are obtained. Fresh solutions should be made beforeevery
test. : .

Measurements:

A 1% K] solution(c=10g L Y withalem pathiength exhibits a sharp cutoff in transmittance near 260 nm; i.c.,
it transmits more than 90% above 273 nm, but less than 0.019 below 258 nm. Therefore, with the
monochromator set for a wavelength below 260 nm, any appreciable amount of light detected is
heterochromatic stray light, which consists of wavelengths above the cutoff. The amount of stray light in the
spectrophotometer at wavelength A may be determined from the equations:

T(\) = M » 3)

1+ x(\)

_ I -TN 4
x(\) = 1 =T C))
wherc:
X(A) is the stray light ratio,
T*(\) is the apparent transmittances
T(A) is the true transmittance.

The stray light ratio, x(A), is the proportion of heterochromatic stray radiant encrgy in the spectrophotometer
for the wavelength setting A. Equation (4) forms the theoretical basis for the determination of the stray light ratio
by comparing apparent transmittance to true transmittance. For SRM 2032, the true transmittance, T(A), of KI
- solutions may be calculated as:
Ty = 107 ML

where ¢(AJ is the certified specific absorbance given on the face of this certificate.

“Soft glass containers and pipeties contain residual amounts of UV absorbing material, but can be used after proper cleaning, Several rinses,
first with isopropyl alcohol and then with distilled water, are generally adequate,
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The apparent transmittances of K1 solutions depend not only on the stray light ratio of the spectrophotometer,
but also on the wavelength accuracy and the spectral bandwidth, which can significantly affect the results
obtained because of the steep slope of the absorbance cutoff of KI. A low-pressure mercury discharge lamp is

suggested for verifying the wavelength scale, and a bandwidth as narrow as compatible with adequate signal-to-
noise ratios should be used.

Many instruments do not permit the direct measurement of transmittances below certain limits, e.g., 1% or
0.1%. For such instrumcnts, thc usc of SRM 2032 will only mcasurc stray light ratios above these limits. To
measure stray light ratios below these limits, the reference beam of the spectrophotometer must be attenuated to
extend the transmittance scale into the low-transmittance region.
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1. R. Mavrodineanu, J. Res. NBS 76A, 405425 (1972).
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3. K. D. Mielenz, R. Mavrodineanu, and E. D. Cehelnik, J. Res. NBS 78A, 631-635 (1974).
4. K. D. Mielenz, R. Mavrodineanu, and E. D. Cehelnik, Appl. Optics 14, 1940-1947 (1975).
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| Wertificate
Standard Reference Material 2033

Crystalline Potassium Iodide with Attenuator
Heterochromatic and Isochromatic Stray Radiant Energy

Standard for Ultraviolet Absorption Spectrophotometry

K. D. Mielenz and R. Mavrodineanu

This Standard Reference Material consists of reagent-grade crystalline potassium iodide (K1) and a radiation attenuator
to be used to assess the heterochromatic stray radiant energy (stray light) in ultraviolet absorption spectrophotometers in
the spectral region below 260 nm.. The radiation attenuator consists of two semitransparent evaporated metal-on-fused
silica (non-fluorescent) filters, each having a nominal transmittance of 10%. One filter is mounted in a cuvette-style
holder that can be inserted into the sample compartment of the spectrophotometer. The other is mounted in one of the
two shutters of the holder. The use of this attenuator permits the expansion of the transmittance scale into the low-
transmittance region by providing a two-step attenuation of the reference beam of the spectrophotometer to about 1%.
The attenuator can also be used to assess isochromatic stray light by following the instructions given in this certificate.

The heterochromatic siray light is assessed by measuring the spectral absorbance of aqueous solutions of SRM 2033 of
known pathlengths and concentrations, and comparing the results with the certified values of the specific absorbance, €.

Specific Absorbance®

e (L g' cm™), vs Wavelength, A (nm), at 23.5 °C
A 240 245 250 255 260 265 270 275
€ 25.6 10.67 3.66 1.05 0.260 0.0560 0.0121 0.0031

*+Specific Absorbance™ is defined here as absorbance per unit pathlength and unit concentration. The term “absorptivity™ has been avoided since it is
ambiguously defined. See K. D. Mielenz, Anal. Chem. 48. 1093-1094 (1976).

The estimated uncertainty of these values is & 5%, which includes the random and systematic errors of the calibration
procedure, as well as variations due to possible instability of the K1. (See Certification Procedure.)

The material used to produce SRM 2033 was obtained from the J.T. Baker Chemical Co., Phillipsburg, N.J., in two
bottles, as reagent-grade (99.8% purity) potassium iodide.

The transmittance of the filter mounted in the holderat A\255nmis_______ |
the transmittance of both filters at A255 is

SRM 2033 was issued with the technical assistance of J. R. Baldwin, R. W. Burke, A. L. Cummings, B. . Diamondstone,
and G. A. Sleater, and under the overall direction of E. L. Garner, NBS Inorganic Analytical Research Division.

The technical and support aspects concerning preparation, certification, and issuance of this SRM were coordinated
through the Office of Standard Reference Materials by R. W. Seward.

Washington, D.C. 20234 George A. Uriano, Chief
May 9, 1980 . Office of Standard Reference Materials
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Potassium lodide Material Testing:

Material homogeneity was tested by measuring the absorbance of 19 aqueous solutions of the KI sampled from the
top, middle, and bottom of each bottle. These measuremenis, at 265, 267, and 270 nm, showed no evidence of
inhomogeneity. Tests for moisture content (Karl Fischer method) gave an average of 0.007%. This value was sufficiently
small that all certified data are based on weighed samples of the undried, as received, material.

Stability of the material to UV and visible light was tested by exposing the K1 salt in a low-actinic glass bottle to radiation
from a 3 kW xenon-arc lamp at a distance of 25 cm for four days at room temperature. The average absorhances at five
wavelengths between 240 and 270 nm of aqueous solutions of the exposed material were 1.1% lower than those of
solutions of the unexposed material. In view of the severity of this test, this change was considered minor. Nonetheless,
the 1.1% was included in the overall uncertainty of the certified values.

Potassium lodide Certification Procedure:

The certified specific absorbances were measured in the NBS Center for Analytical Chemistry high-accuracy spectro-
photometer [1,2], cqmpped with a deuterium lamp and UV averaging sphere [3,4]. Thirteen aqueous solutions of Kl
with concentrations ranging from 0.03t0 30 g L™ were prepared and measured against distilled water, using standard
fused-silica cuvettes with pathlengths between 10.001 and 10.009 mm”. The absorbance measurements were performed
at the temperature,t = 23.520.5°C. A 0.2 nm bandpass was used, and wavelength settings were made with an accuracy
of 0.05 nm. The measurements were made on at least three concentrations at each wavelength. These concentrations were
chosen so that most absorbance readings fell between 0.1 and 1.0 to iminimize stray light and bandwidth errors. The data
were found to obey Beer’s law.

Thus, the equation,
e = Ajck (¢}

was used to calculate the specific absorbances, ¢, from the measured absorbances, A, and the known values of concentra-
tion, ¢, and pathlength, £ .

Limits to random error (two standard deviations) of these measurements (including the photometric imprecision of the
spectrophotometer, errors in the repositioning of cuvettes, concentration errors, pathlength uncertainties, temperature
errors, Beer’s law uncertainties, and bandwidth errors) were determined to be + 2.4%. The error due to the 0.05 nm
uncertainty of the wavelength calibration of the spectrophotometer is = 1.1%.

The uncertainty of 5% stated on the face of this certificate represents the sum of these errors and the above mentioned
1.1% uncertainty due to instability of the K1. No corrections were applied for the effects of internal reflections inside the
sample and reference cuvettes, nor were the weights corrected to vacuum. These and all other sources of error were
considered negligible.

The temperature coefficient at 260 nm was determined to be

1 de __ P |

it 0.031 °C . @
For precision measurements, it is recommended that SRM 2033 be used in thermostated cuvettes at 23.5°C, or thata
temperature correction according to Eq. (2) be applied.

b, s g SRR G35 O - PR "
issucd by NBS as SRM 932, Quaruz Cuverte for Speciropnotometry.

SRM 2033
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Instructions for Use of Potassium lodide

Storage and Preparation:

SRM 2033 should be stored in the original, low-actinic glass bottle and the cardboard container in which it was issued
to protect it from unnecessary exposure to light and humidity. When so stored, the expected stability of this material is at

- lcast three years. Thus, until additional stability data arc obtaincd, this matcrial should be uscd within three ycars of the
date of purchase.

All'solutions prepared from SRM 2033 should be made in borosilicate glass containers using distilled water and transfer
pipettes (Pasteur type) of the same glass and fitted with rubber bulbs®. Use clean spectrophotometer cuvettes, free of
scratches, made of non-fluorescent fused silica, and fitted with ground-glass or Teflon stoppers to minimize evaporation;
or preferably use NBS SRM 932. Mark all cuvettes to assure the same orientation in the spectrophotometer, and place
them into their respective holders. Using transfer pipettes of the type mentiond, rinse each cuvette several times with
distilled water. Prepare a solution of K1 in distilled water (e.g., 1%), fill the sample cuvette with the K1 solution and the
reference cuvette with distilled water. Measure the absorbance, leaving the cuvettes in their holders, empty them (using
the pipettes), and repeat the rinsing and filling operations until constant absorbance readings are obtained. Fresh
solutions should be made before every test.

Measurements:

A 1% Kl solution (¢ = 10 g L—') with a 1 cm pathlength exhibits a sharp cutoff in transmittance near 260 nm; i.e., it
transmits more than 909% above 273 nm, but less than 0.019; below 258 nm. Therefore, with the monochromator set fora
wavelength below 260 nm, any appreciable amount of light detecied is heterochromatic stray light, which consists of
wavelengths above the cutoff. The amount of stray light in the spectrophotometer at wavelength A may be determined
from the equations:

3
Ty =TT
1+ x(A\)
Xy = TR -TR) @
1-T0)

where:
x(A) is the stray light ratio,

1"(A) 1s the apparent transmittance,
T(A) is the true transmittance.

The stray light ratio, x()), is the proportion of heterochromatic stray radiant energy in the spectrophotometer for the
wavelength setting A. Equation (4) forms the theoretical basis for the determination of the stray light ratio by comparing
apparent transmittance to true transmittance. For SRM 2033, the true transmittance, T()A), of KI solutions may be
calculated as:

0 A el

T) =

where €(\) is the certified specific absorbance given on the face of this certificate.

Soft glass eontainers and pipettes contain recidual amounts of IV absorbing material, but can be used after proper cleaning, Several rinses, first with
isopropyl alcohol and then with distilled water, are generally adequate.

SRM 2033
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The apparent transmittances of K1 solutions depend not only on the stray light ratio of the spectrophotometer, but also
on the wavelength accuracy and the spectral bandwidth, which can significantly affect the results obtained because of
the steep slope of the absorbance cutoff of KI. A low-pressure mercury discharge lamp is suggested for verifying the
wavelength scale, and 2 bandwidth as narrow as compatible with adequate signal-to-noise ratios should be used.

Optical Attenuator:

Many instruments do not permit the direct measurement of transmittances below certain limits, e.g., 1% or 0.1%. To
measure stray light ratios below these limits, the reference beam of the spectrophotometer must be attenuated to extend
the transmittance scale into the low-transmittance region.,

As mentioned on the face of this Certificate, the optical attenuator consists of two filters, each of which has a nominal
transmittance of 10 percent. One filter is mounted in a metal holder that can be inserted in the sample compartment of
the spectrophotometer (5). This holder is provided with a front and rear shutter, one of which has a window in which the
second filter is mounted. The holder and shutters are flat black. This unit was produced in the NBS Instrument Shops.

Instructions for Use of the Attenuator

‘This unit can be used to attenuate the incident radiation in the reference beam of the spectrophotometer in two steps
by a total factor of about 100, corresponding to about 1 percent transmittance (6). To attenuate by a factor of 10, the
attenuator is inserted in the sample compartment of the spectrophotometer facing the incident beam, with both shutters
removed. A further attenuation by a factor of about 10 is obtained when the shutter carrying the second filter is inserted
in the holder, in front of the first filter. Under these conditions, and with an instrument that cannot measure trans-
mittances lower than | percent, the use of the attenuator will permit heterochromatic stray light to be measured down to
about 0.01 percent. This attenuation procedure can be used with spectrophotometers capable of scale expansion.

Isochromatic Stray Light:

The radiation attenuator can be used to assess the isochromatic stray light that results from reflection of the incident
radiation at the surface of the sample and various optical components, and reaches the photodetector without passing
through the sample. It is implicitly assumed that the sample compartment of the spectrophotometer is light-tight.

The measurement is performed by placing the attenuator in the sample beam of the spectrophotometer, with the
opaque shutter placed at the rear of the filter holder. Under these conditions, if a signal is detected, it is caused by
reflection at the surface of the filter exposed to the incident radiation. This radiation is scattered from the walls and other
components of the sample compartment and reaches the photodetector without passing through the sample (5). This
signal is the isochromatic stray light.

Isochromatic stray light, which passes through the sample, is generally caused by interreflections between lenses andfor
other sample cumparunent elements. Tests for this stray light component, which is not detected by the methods described
above, are discussed in references 7 and 8.
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