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ABSTRACT To obtain accurate and consistent measurements from circular dichro-
ism (CD) instruments over time and from different laboratories, it is important that they
are properly calibrated. The characteristics of the available reference materials are not
ideal to ensure proper calibration as they typically only give peaks in one or two spectral
regions, and often have issues concerning purity and stability. Currently either camphor
sulfonic acid or ammonium camphor sulfonate are used. The latter can be an unstable,
slightly hygroscopic secondary standard compound with only one characterized CD
band. The former is the very hygroscopic primary standard for which only one enan-
tiomer is readily available. We have synthesized a new reference material for CD,
Na[Co(EDDS)]�H2O (EDDS 5 N,N-ethylenediaminedisuccinic acid) which addresses
these problems. It is extremely stable and available in both enantiomeric forms. The CD
spectrum of Na[Co(EDDS)]�H2O has nine distinct peaks between 180 and 599 nm. It
thus fulfils the principal requirements for CD calibration chemical standards and has
the potential to be used to ensure good practice in the measurement of CD data, provid-
ing two spectra of equal magnitude and opposite sign for a given concentration and path
length. We have carried out an interlaboratory comparison using this material and show
how it can be used to improve CD comparability between laboratories. A fitting algo-
rithm has been developed to assess CD spectropolarimeter performance between 750
and 178 nm. This could be the basis of a formal quality control process once criteria for
performance have been decided. Chirality 20:1029–1038, 2008. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

Circular dichroism (CD) is a powerful spectroscopic tech-
nique with many applications in organic chemistry and bio-
chemistry. For example, one can qualitatively and quantita-
tively assess the purity of two enantiomers of a chiral mole-
cule; one can sensitively detect changes in the structure of
protein molecules; and one can predict the secondary struc-
ture of proteins. It is important, prior to the analysis, to es-
tablish quality assurance for factors affecting the reliability
of the data. This is especially true when spectra are crucial
evidence of the structure and stability of a protein compo-
nent of a pharmaceutical product, but it is also important
when spectra are to be reported for almost any purpose.

To achieve comparability of CD spectra between instru-
ments, it is important that the instruments are well-main-
tained and used correctly.1,2 However, even where this is
done, differences between instruments will mean that data
are typically not comparable.3,4 One route to the compara-
bility of data is to characterize CD instruments in terms of
both CD intensity calibration and wavelength calibration
across the spectral range of interest. However, currently
available ‘‘standard’’ materials typically only provide a sin-

gle CD peak, and are often poorly characterized, as is dis-
cussed below. The lack of confidence that data can meaning-
fully be compared when they are measured in different labo-
ratories, or at different times, undermines the usefulness of
CD as a technique. This is particularly true in heavily regu-
lated areas such as biopharmaceutical quality control.

In the past decades, a series of optically active substan-
ces have been identified and used extensively for the cali-
bration of CD spectropolarimeters. D-10-camphorsulfonic
acid (CSA) in water at 290.5 nm has been regarded as the
primary standard and has been the one used extensively
throughout the world. However, differences in the magni-
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tude of its spectra due to its hygroscopic nature have
repeatedly been reported in the literature.5 Other substan-
ces such as androsterone and isoandrosterone in dioxane
have also been considered5,6 as well as glucurono-g-lac-
tone and D-pantolactone in other organic solvents.7 Glucur-
ono-g-lactone was found to be less suitable than the D-pan-
tolactone that became commercially available as optically
pure crystals having relatively high optical rotation with
weak UV absorption and less water uptake than CSA.7 A
study was also conducted by Chen and Yang6 comparing
CSA in water at 290.5 nm, D-pantolactone in methanol at
222 nm and (1)-tris-(ethylenediamine) Co(III) iodide
monohydrate in water at 490 nm. The study revealed devi-
ations in molar ellipticity of up to 30% for D-pantolactone
and (1)-tris-(ethylenediamine) Co(III) iodide monohy-
drate8 between measurements carried by different spectro-
polarimeters. That study may suggest that [Co(ethy-
lenediamine)3]

31 would make a good standard. It is cer-
tainly chemically and enantiomerically stable. However, it
is challenging to make up solutions accurately for UV
measurements (literature extinction coefficient data is all
for the visible region and the UV intensity is orders of
magnitude larger). In addition, a single solution cannot be
used from the visible region to the UV region. The final
nail in its coffin is that it is not commercially available and
it extremely difficult to produce 100% enantiomerically
pure as it is resolved by repeated co-crystallization with
chiral anions.9

Ammonium D-10-camphorsulfonate (ACS) (see Fig. 1),
which is less hygroscopic, but much more expensive, than
CSA, has been widely adopted as a secondary standard.
ACS was found to be essentially non-hygroscopic, easily
handled and to have the same spectrometric behavior as
CSA because of the fact that both compounds form the
same ion in solution.2,5 Calibration with both CSA and
ACS routinely involves using only the 290.5 nm peak.
Thus, there is no calibration of the visible region and none
at lower wavelength. CSA does have a CD band at 191.5
nm, however, there is still some debate as to what its mag-
nitude is (the consensus is that the 192.5 nm:290.5 nm ra-
tio should be about 2.0).3 A further concern with ACS is
that its stability is variable. Jones et al.10 showed its inten-
sity can change within 2 wk even when refrigerated. Thus
fresh standards need to be made regularly and accurately
to a standardized protocol.1,2 The material used also needs
to be of a known chemical purity and enantiomeric purity.
In a recent interlaboratory comparison study coordinated
by the National Physical Laboratory (NPL),11 it became
apparent that the current single point calibration even with
an externally provided standard did not ensure instrument
comparability or even provide enough data to indicate
whether instruments recorded comparable data.4 For all
types of measurement, the ideal is that standards should
be traceable to the International System of Units (the SI)12

with a known uncertainty.13,14 This means that all meas-
urements that are made in this way can be compared
within a known uncertainty; moreover this is recognized
as an efficient means of achieving comparability. Traceabil-
ity is typically established through a chain of measure-
ments, starting from a primary, absolute measurement (of-

ten made by a National Measurement Institute, such as
NPL) and disseminated through primary and secondary
standards. No such chain exists for CD, and therefore the
absolute values of the CD of the standard compounds are
not known with any confidence. However, where such a
chain cannot be established, it may be sufficient for practi-
cal purposes to establish the comparability of measure-
ments by other means, and this is what we have set out to
achieve.

What impacts do uncertainties in the measurement of
CD have? A good example is the use of CD spectra to pre-
dict the secondary structure of proteins. With some algo-
rithms, errors in the intensity and wavelength scales of
CD spectrometers have a significant effect on the pre-
dicted structures.15 Similar problems arise when CD is
used to measure enantiomeric purity since CD intensity is
proportional to enantiomeric excess. In empirical applica-
tions such as comparing the spectra of biopharmaceutical
formulations, the comparisons between data measured on
different occasions and/or in different laboratories are
only valid if the instruments can be relied on to produce
consistent data. Thus it is essential that, even in the ab-
sence of an absolute standard for CD, all instruments used
would produce essentially the same data for the same sam-
ple. Furthermore we need a measure of what we mean by
‘the same’.

There has been a long running project at Warwick Uni-
versity to find an alternative CD secondary standard with
the following prerequisites: chemical stability in solution;
enantiomeric stability in solution; availability of bands
across the full UV–visible region (including below 200
nm) that can be measured on the same concentration solu-
tion; and availability of both enantiomers. One of the
issues with low wavelength instrument performance is
that in most instruments stray light becomes a significant
problem. Instrument problems, in this or any other region
of the spectrum, apart from a simple magnitude scaling,
are likely to result in enantiomers not having mirror image
spectra. The availability of both enantiomers and a require-
ment for equal magnitude and opposite signed CD signals
at all wavelengths were therefore among the requirements
of this work. We have screened many compounds over the
years and have finally selected and tested R,R- and S,S-
Na[Co(EDDS)]�H2O ((EDDS 5 N,N-ethylenediaminedi-
succinic acid), henceforth referred to as R,R-CoEDDS and
S,S-CoEDDS, respectively). CoEDDS is a transition metal
complex with d?d transitions which was first synthesized
by Neal and Rose in 1968.16 Its visible region CD spectrum

Fig. 1. (a) S,S-N,N-ethylenediaminedisuccinic acid (EDDS); (b) Co-
EDDS with proton labeling indicated.
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has been previously published16,17 though no UV CD data
were available prior to this study. With modern instru-
ments, it is now possible to collect data for this compound
from the visible to well into the far UV region with the
same sample in the cuvette as shown later. In fact by using
both bench top and synchrotron radiation instruments we
have acquired data from the visible down to 165 nm. To-
gether with its stability (see later) and the availability of
both enantiomers this makes it an attractive calibration
standard.

For both enantiomers of Na[Co(EDDS)]�H2O we have
considered the effects of temperature and concentration
on the CD spectra line shapes and also tested the chemi-
cal and enantiomeric stability of the compounds over a pe-
riod of 12 mo. In addition we undertook a small interlabor-
atory comparison (including Warwick University, National
Physical Laboratory, the National Institute for Biological
Standards and Control, and Chiralabs). Data were also col-
lected at the synchrotron source at Aarhus University to
determine low wavelength spectral shape. The aim of the
comparison study was to investigate the utility of the new
material in achieving comparability between laboratories
and to confirm the spectral characterization performed at
Warwick. We also investigated the use of the material in
instrument performance verification testing.

MATERIALS AND METHODS

Optically pure S,S-EDDS (see Fig. 2) was donated by
Innospec. Other materials were obtained from Sigma-
Aldrich and used without further purification. 18.2 MX
water was used throughout.

R,R-EDDS16

A mixture of D-aspartic acid (50.73 g, 0.38 mol, ee 5
98%), NaOH (30 ml, 50% aqueous solution), Ca(OH)2
(13.94 g, 0.19 mol), and deionized water (70 ml) was
placed in a 1-liter three-necked flask fitted with a reflux
condenser and 50 ml pressure-equalized dropping funnel
and large magnetic follower. 1,2-dibromoethane (28 ml,
61.0 g, 0.33 mol) was added carefully with stirring via the
third side-arm and the mixture was heated to gentle reflux.
A further portion of NaOH (24 ml, 50% aqueous) was
added dropwise over about 6 hr, maintaining the reflux.
Water (100 ml) was added and the solution was heated at
reflux for 1 hr. The reaction mixture was left to cool with
stirring for 1 hr. The mixture was acidified with concen-
trated HCl until pH 3 by which time a copious white pre-

cipitate had formed. The filtrate was collected and added
to water (225 ml) followed by NaOH (50% aqueous) to pH
11. The solution was carefully acidified with HCl to pH 3.5
and the subsequent precipitate was collected, washed with
dilute HCl and dried in air at 658C in vacuo. Yield 17.9 g
(32%). Anal. Found (Calcd. for C10H16N2O8) %C 41.02
(41.10), H 5.50 (5.52), N 9.31 (9.59). 1H NMR (400 MHz,
293 K, NaOH/D2O ref. 4.79) d ca. 2.35 (dd, 2H, CH2CO2),
2.51 (dd, 2H, CH2CO2) 2.64 (m, 4H, CH2CH2), 3.39 (dd,
2H, CH) (NH and CO2H not observed at this pH). 13Cpp
NMR d 41.5 (CH2), 46.8 (CH), 61.5 (CH2��CH2), 179.9
(Cq), 181.6 (Cq). MS (FAB) m/z 292 (M1).

Na3[Co(CO3)3]�3H2O
16

Co(NO3)2.6H2O (29.1 g, 0.1 mol) in water (50 ml) and
H2O2 (10 ml, 30%) was added dropwise to a cold slurry of
NaH(CO3) (42.0 g, 0.5 mol) in water (50 ml). The mixture
was allowed to stand for 1 hr at 08C with continuous stir-
ring. The resultant green product was filtered, washed
with cold water (thrice in 10 ml), ethanol, and diethyl
ether, and then dried in vacuo. Yield 29 g, 80%.

Na[Co(S,S-EDDS)]H2O (R,R-Isomer Prepared
Similarly)16

S,S-EDDS (3.10 g, 10 mmol) was added with stirring to
an ice cold slurry of Na3[Co(CO3)3]�3H20 (3.63 g, 10
mmol) and activated charcoal (3 g) in water (75 ml). The
reaction mixture was allowed to warm to ambient tempera-
ture and was stirred until CO2 evolution ceased. The mix-
ture was then heated to 808C and stirred for 20 min, fol-
lowed by slow addition of small amounts of acetic acid (5%
aqueous, total 10 ml) to complete evolution of CO2. The
solution was heated again to 808C for 5 min and allowed to
cool. Acetic acid solution was added to pH 4.25. The solu-
tion was filtered through Celite to remove the charcoal
and the volume of the solution was reduced to about
30 ml. Slow addition of ethanol (ca. 100 ml) resulted in
precipitation of a purple solid which was isolated by filtra-
tion. The solid was suspended in ethanol (ca. 100 ml) and
sufficient water was added to dissolve the solid. The solu-
tion was filtered and ethanol was slowly added with stir-
ring until a solid began to precipitate. The mixture was
then heated to redissolve the complex and was left to cool.
The fine crystals of Na[Co(EDDS)]�H2O (see Fig. 2) ob-
tained were isolated by filtration and left to dry in air over-
night (yield 1.7 g, 44%). Intriguingly drying the crystals in
a vacuum oven removed the water of crystallization. How-
ever, on exposure to the atmosphere (most obviously on a
balance), one molecule of water per Co was reincorpo-
rated. S,S-isomer: Anal. found (Calcd. for C10H14O9CoN2Na)
% C 30.17 (30.94), H 3.75 (3.64), N 7.00 (7.22). 1H NMR
(400 MHz, 298 K, D2O) d 3.51 (2H, dd, 3JHH 5 5.5 Hz,
3JHH 5 1.5 Hz, Hc), 3.16 (2H, d, 2JHH 5 10.5 Hz, Ha/Hb),
3.09 (2H, dd, 2JHH 5 24 Hz, 3JHH 5 5.5 Hz, He), 2.84 (2H,
dd, 2JHH 5 24 Hz, 1.5 Hz, Hd), 2.71 (2H, d, 2JHH 5 10.5
Hz, Ha/Hb).

13C {} NMR (100 MHz, 298 K, D2O) dC 183.1
(Cc/Ce), 183.0 (Cc/Ce), 66.6 (Cb), 52.6 (Ca) 40.0 (Cd,
observed at 353 K). MS (ESI negative) m/z 346.9 ([M]2),
302.9 ([M]2, CO2), 259.0 ([M]2, 2 3 CO2). IR m cm21:

Fig. 2. Stereogenic arrangements of the five- and six-membered rings
in the EDDS complex Li(H2O)3[Co

III(S,S-EDDS)].18
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1563 s (COO asymmetric stretch), 1383 s (COO symmet-
ric stretch), 1209 m, 1134 w, 1040 m, 925 w, 879 m.

Circular Dichroism Analysis

The spectral characterization and stability study spectra
of the CoEDDS compounds were all obtained using the
Jasco J-715 spectropolarimeter at Warwick (calibrated
using 0.060% ACS for intensity and a neodymium filter for
wavelength) or the Jasco J-810 at NPL (calibrated using
0.060% ACS for intensity and a holmium filter for wave-
length). As a rule of thumb, with the Jasco’s photomulti-
plier tubes we choose sample concentrations to keep the
high tension voltage below 600 V. The standard parame-
ters used were: bandwidth 1 nm; response time 1 sec;
wavelength scan range 190–750 nm; data pitch 0.5 nm;
and scanning speed 100 nm/min. These parameters gave
spectra that overlaid with those collected at slower scan
speeds and narrower bandwidth and so were deemed sat-
isfactory. If one wishes only to calibrate in the visible
region then a concentration of �2 mM is appropriate
(higher concentrations can be used but with Jasco instru-
ments require the low sensitivity setting to be selected,
otherwise the signal goes off scale); in the UV region a
smaller concentration (0.05 mM) is required to ensure the
sample’s absorbance is not too high.

All cuvettes used in this study were washed three times
with water (18.2 MX) and three times with ethanol and
dried with compressed air. Before establishing the stabil-
ity study, the instrument-only (i.e. air only in the sample
compartment) baseline and the water baseline of each cuv-
ette used were collected. Instrument-only baselines were
then collected at each time point. Thus at intermediate
time points, t, the baseline that was subtracted from the
sample spectrum was the water baseline of the cuvette at
time 0 plus the difference between the instrument-only
baseline at time t and the instrument-only baseline at time
0. Samples of each of the R,R and S,S-[Co(EDDS)] at a
concentration of 0.05 mM in water were stored at 48C, at
room temperature in the dark, and at room temperature in
the light for 12 mo.

Interlaboratory Comparison

The interlaboratory comparison followed a ‘‘star’’ design
where samples were distributed from the coordinating lab-
oratory to the participants. The study participants are
listed in Table 1. The samples that were distributed
included both the R,R- and the S,S-CoEDDS enantiomers
of the standard (of concentrations 0.067 mM) and a race-
mic mixture of the two; an ACS solution for comparison,
and a water blank. The participants were provided with a
common protocol for measurements. All spectra were
acquired in 10 mm path length cuvettes provided by the
participant laboratory; CoEDDS spectra were collected
from 180 to 800 nm and ACS spectra from 200 to 360 nm.
The spectra were collected with a 1 nm bandwidth, 0.1 nm
data pitch, and 6 accumulations. The reference spectra col-
lected at NPL were collected at a scan speed of 10 nm/
min with a 4 sec response time. Participants were left to
choose the scan speed they felt most appropriate, but 50
nm/min with a 1 sec response was suggested. Baseline

and sample spectra were then returned to the organizing
laboratory for baseline subtraction and further analysis. To
investigate the use of the standards for instrument per-
formance verification, one participant (designated 4) inten-
tionally used an instrument that was known to be in need
of calibration and with a poorly performing lamp.

Curve Fitting

Manipulation and analysis of the interlaboratory compar-
ison data was performed in MATLAB (The MathWorks,
Natick, MA). Curve fitting of the spectra was performed
using the MATLAB Curve Fitting Toolbox. The model
chosen for the interlaboratory comparison data was a sum
of 9 Gaussians (reflecting the 9 maxima in the observed
spectra), with constraints applied to peak position, height,
and width to ensure an accurate fit. The equation used
was of the form:

a1e
�ððx�b1Þ=c1Þ2 þ a2e

�ððx�b2Þ=c2Þ2 þ � � � þ a9e
�ððx�b9Þ=c9Þ2

where for the nth Gaussian peak an corresponds to the
peak height, bn to the peak (or center) wavelength, and cn
is related to the peak width (with the full width at half
maximum given by 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnð2Þp

c). To achieve accurate fit-
ting of the spectra it was necessary to include constraints
in the fitting method, and these are listed in Table 2. The
peak heights (a parameters) were constrained to be either
positive (0 to 1 1) or negative (21 to 0); the peak wave-
lengths (b parameters) were constrained to a 10 nm or
15 nm window. In addition, the c (width) parameters were
constrained to a minimum of 10 nm for all peaks except 1,
which was constrained to a minimum of 5 nm. These con-
straints were developed empirically by iteratively adding
terms to the model until the residuals approached a flat
line. Additionally, spectra were truncated at short wave-
lengths to exclude noisy data.

RESULTS
Structure of the Complexes

EDDS (EDDS 5 N,N-ethylenediaminedisuccinic acid)
is a hexadentate chelating agent, isomeric with EDTA, and
forms an octahedral complex with two nitrogen and four
oxygen donors; the latter are typically deprotonated under
basic conditions.16 A key structural difference between
H4EDDS and H4EDTA is that the former contains two

TABLE 1. Participants in the interlaboratory comparison

Institution Participants

NPL (Coordinator) Alex Knight; Jascindra Ravi
University of Warwick Alison Rodger; Angeliki

Damianoglou
National Institute for Biological

Standards and Control
Christopher Jones

Chiralabs George Tranter; Delphine
LePevelen; Ann Talbert
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stereogenic carbon atoms which retain their stereochemis-
try upon chelation. However, unlike with EDTA where the
four carboxyl arms all form five-membered rings upon
coordination, EDDS forms two five-membered rings and
two six-membered rings (see Fig. 2). When the two stereo-
genic carbon atoms have the same absolute configuration
(i.e. both S,S- or both R,R-), only one arrangement, that
with the five-membered rings in the axial positions and
the six-membered rings in the equatorial positions has
been observed.16,17,19,20 This is a result of excessive strain
energy associated with having the five-membered rings in
equatorial positions.16,18,20 As a result, all homochiral
EDDS complexes are diastereomerically pure; the chirality
of the ligand is expressed perfectly in the absolute config-
uration of the metal atom such that e.g. S,S-EDDS gives
only the complexes D-[M(S,S-EDDS)]n2. It is this stereo-
genic arrangement of the ligand around the metal atom
that leads to the observed CD spectrum.

Characterization and Purity by NMR

The cobalt complexes produced by the methods
described in this article were chemically, diasteriomeri-
cally, and enantiomerically pure within limits of detection.
After the reaction there is at most 0.01% of any R,R-EDDS
in the S,S- product due to the high enantiomeric purity of
the starting materials. (The aspartic acid is >98% ee (er 5
99:1), but the product diastereomer is homochiral. Any
heterochiral (R,S) is crystallized out, and is absent accord-
ing to NMR. Chances of any homochiral product of wrong
handedness is thus 1% of 1%, i.e. 0.01%.) Recrystallization
will have further reduced this. The 1H-NMR spectra of
Na[Co(S,S-EDDS)]�H2O and Na[Co(R,R-EDDS)]�H2O in
D2O (see Fig. 3) were superposable on one another. They
showed no detectable impurities; small apparent fluctua-
tions in the baselines in Figure 3 (e.g. about 3.1 and 3.4
ppm) are due to 13C satellites. The spectra showed the
expected five sets of multiplets, the NH groups having
been deuteriated by the solvent. The assignments given in
the experimental section were made via 1H��1H and

13C��1H correlation spectra and other standard methods.
The H atoms on the ethylene backbone, Ha and Hb, gave
two second-order doublets of doublets centered at 2.81
and 3.28 ppm. Hd and He gave two sets of mutually
coupled doublets centered at 2.98 ppm and 3.22 ppm with
the smaller and inequivalent couplings to Hc (3.59 ppm)
allowing their assignment via the Karplus equations. In
the 13C spectrum the resonance for the C atom bonded to
Hd/e was observed only at high temperature or via 1H
observed heteronuclear correlation, presumably as a result
of an exchange between conformers of this 6-membered
ring. We note that the corresponding 1H resonances are
also relatively broad. Unfortunately, the freezing point of

TABLE 2. Constraints used in Gaussian fitting of CoEDDS and fit coefficients for NPL data

Peak

Fit constraints Fit parameters

Wavelength (nm) Sign Wavelength (nm) Height (mdeg) Width (nm)

Min Max S,S R,R S,S R,R S,S R,R S,S R,R

1 175 185 1 2 179.2 181.4 25.494 219.650 8.770 7.804
2 205 215 1 2 211.0 211.0 61.189 262.025 12.120 12.117
3 225 240 2 1 234.9 233.6 211.691 12.165 26.215 26.479
4 260 275 1 2 267.6 268.6 9.985 29.577 28.034 27.307
5 367 377 1 2 368.0 370.3 1.740 21.919 23.656 25.343
6 399 409 1 2 406.8 409.0 2.129 22.016 29.775 27.371
7 478 488 1 2 482.6 484.2 1.719 21.791 32.972 36.096
8 540 550 2 1 544.9 545.4 25.947 6.170 31.572 33.284
9 595 610 1 2 598.8 595.0 1.188 21.382 30.218 34.488

Confidence limits for these data are available in Supplementary Information. Additionally, minimum width constraints were applied to the peaks to
ensure an accurate fit. Note that S,S- and R,R- data are in most cases consistent within 95% confidence limits (see Supplementary Information). Where
peaks are not well constrained by the data they may show differences but these peaks would not be used for calibration purposes.

Fig. 3. 1H NMR spectra of (a) Na[Co(R,R-EDDS)]�H2O and (b)
Na[Co(S,S-EDDS)]�H2O.
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the solvent precluded measurement of low temperature
spectra.

Extinction Coefficient Determination

Most laboratories with CD machines have UV/visible
absorption instruments but not all have high quality bal-
ances. Thus, accurate values for the extinction coefficients
of CoEDDS are required in all application wavelength
ranges. Absorbance data were collected over a series of
separately prepared samples of each enantiomer at a range
of concentrations (determined by weighing four independ-
ent samples and making to volume in a volumetric flask,
then diluting these samples) (see Fig. 4). Data at the wave-
length maxima were extracted and plotted to determine
extinction coefficients as summarized in Table 3.

CD Spectra of R,R- and S,S-CoEDDS

A full wavelength spectrum of R,R-CoEDDS is given in
Figure 5a. It is a concatenation of data collected at War-
wick, NPL, and the synchrotron source at Aarhus (cali-
brated using 0.060% ACS for intensity and benzene vapor
for wavelength) to give the best signal-to-noise at each
wavelength and to ensure significant overlap of the differ-
ent instruments (spectra in common wavelength regions

were identical within the noise envelope of the data). The
spectra for the two enantiomers are equal and opposite in
sign at each wavelength, as illustrated in Figure 5b where
the spectra of the R,R and 2S,S (minus 1 times the S,S
spectrum) spectra overlay within instrument noise. De val-
ues are given in Table 3. The low wavelength spectra col-
lected with a 1 cm cell overlaid those collected with 100
lm and 18 lm pathlengths, when scaled to account for the
pathlengths and concentrations (data not shown).

Stability Studies by CD

The CD spectral shapes of the two enantiomers show
that the samples are stable for at least 1 yr even at room
temperature exposed to light. All storage conditions
retained the same spectral shapes over the 12 mo period
(most data not shown) as illustrated in Figure 6. Despite
sealing the cuvettes with Teflon tape, a slight degree of
evaporation occurred for one sample, which has been cor-
rected for in Figure 6 by a scaling factor determined from
the change in the absorbance.

Curve Fitting

Comparison of spectra by eye is sufficient for many pur-
poses. However, if we wish to use CD to, for example,
Good Laboratory Practice (GLP) standard, a more rigor-
ous and quantitative evaluation of instrument performance
is required. To this end, we first showed that the CoEDDS
CD spectra could be fitted using a sum of 9 Gaussian func-
tions (see methods). To illustrate the fitting results, fits
and residuals for the NPL data from the round robin study
are shown in Figure 7. The constraints and fit parameters
are given in Table 2. It is clear that the model fits the data
accurately from 185 to 800 nm. The residuals are small
and randomly distributed, although greater noise in the
spectra is evident at the wavelength extrema. The R2 for
the S,S enantiomer was 0.9998 and for the R,R enantiomer,
0.9997. Once a data set has been reduced to a sum of
Gaussians, comparison with a similarly represented stand-
ard spectral data set is straightforward.

Interlaboratory Comparison

The interlaboratory comparison (see Supplementary In-
formation for details) clearly illustrated the value of the fit-
ting methodology. It was possible to show pictorially with
spectra (Supplementary Information Fig. S3) and quantita-
tively with residual plots (Supplementary Information Fig.

Fig. 4. Absorbance spectra (1 cm path length) as a function of increas-
ing sample concentration (indicated in figure) for S,S-CoEDDS.

TABLE 3. Extinction coefficient and delta epsilon values for both enantiomers, fitted using Kaleidagraph

Wavelength (nm) eS,S (mol21 dm3 cm21) eR,R (mol21 dm3 cm21) DeS,S (mol21 dm3 cm21) DeR,R (mol21 dm3 cm21)

545 209 6 0.4 21110.9 22.40 6 0.05 12.33 6 0.05
515 296 6 0.4 299 6 0.3
480 10.68 6 0.015 20.67 6 0.015
382 103 6 0.5 104 6 0.6 20.95 6 0.025 10.93 6 0.025
274 6142 6 20 6131 6 33 13.35 6 0.10 23.30 6 0.10
237 13 6 0.3 14 6 0.3
221.5 18,997 6 24 18,985 6 32 10.665 6 0.10 20.675 6 0.10
210 17,490 6 35 17,500 6 60 124.0 6 0.3 222.5 6 0.3

Error quoted is standard deviation. Data and its analysis are given in Supplementary information. Data in bold are peak maxima.
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S4) that 3 of the 4 laboratories were giving consistent data.
As expected Laboratory 4 clearly had problems, giving R2

values with respect to the standard of 0.44 (S,S) and 0.79
(R,R). This implies that ‘‘rogue’’ spectra can be automati-
cally rejected by software based on fit quality statistics
such as the R2 value. The 211 nm peak is particularly use-
ful for instrument validation as it typically gives the nar-
rowest confidence intervals, shown by the error bars in
the plots in Supplementary Information Figure S4.

A more subtle application of the standards and the fit-
ting method to analyze instrument performance is pro-
vided by the spectra of Figure 8. These R,R- and S,S- spec-

tra should match the ones in Figures 5 and 6 as the sam-
ples were the same but the data collected with a 2 nm
bandwidth. Our expectation with a 2 nm bandwidth was
that most of the spectra should be of reasonable quality
(and usually better than with 1 nm bandwidth, as more
light passes through the sample with wider slits) but that
the sharp peak at 210 nm might show some flattening. In
practice, however, on the Warwick J-715 instrument when
these spectra were collected, it is apparent from the over-
lay of the two enantiomers and more clearly from the R,R-
plus S,S- spectrum (which should be a flat line of zero
magnitude), that below 300 nm the instrument perform-
ance with 2 nm bandwidth would not be satisfactory for
many applications.

CONCLUSIONS

To meet the pressing requirement for better consis-
tency and comparability of circular dichroism measure-
ments, we have set out, in the program reported in this
article, to synthesize and characterize a suitable reference
material. The synthesis of the two enantiomers of the
metal complex Na[Co(EDDS)]�H2O (EDDS 5 N,N-ethyl-
enediaminedisuccinic acid) has been accomplished and
its properties assessed. The stereochemistry of EDDS
ensures that the metal complexes adopt only one diaster-
eomeric form, thus the enantiomeric purity of the ligand
determines the enantiomeric purity of the final complex. e
and De values have been determined for a number of
wavelengths. We have shown that both enantiomers
remain stable in solution at room temperature on the
bench for at least 12 mo (in contrast to ACS which can of-
ten be surprisingly unstable10). Greater care does need to
be taken to prevent evaporation and we recommend seal-
ing the cuvettes to be used. We have also demonstrated
that consistent results can be obtained with these stand-
ards (when used according to good practice recommenda-

Fig. 5. (a) CD spectrum in millidegrees of R,R-CoEDDS in water (concentration of 0.056 mM, 1 cm path length and 0.56 mM, 100 lM pathlength).
S,S-CoEDDS is equal in magnitude and opppsite in sign at each wavelength but is not shown for clarity. The insert shows the low wavelength part of the
spectrum. (b) Overlaid CD spectra of R,R-, S,S-CoEDDS and minus S,S-CoEDDS (0.072 mM, 1 cm path length) illustrating the equal magnitude and op-
posite sign of the two enantiomers.

Fig. 6. CD spectra of R,R- and S,S-Co EDDS (0.56 mM in water, 1 cm
pathlength) obtained at time 5 0 and time 5 12 mo (labeled t 5 0 and t 5
12, respectively) and stored on the bench at room temperature in the light
between measurements which were using the Jasco J-715 instrument. A
water baseline measured on the same day as the sample was subtracted
from the initial and final spectra. R,R-CoEDDS at t 5 12 mo has been
scaled to account for a slight increase in concentration (as determined
from absorbance measurements) of the sample due to evaporation.
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tions)1,2 between laboratories, particularly between con-
ventional instruments and the synchrotron CD instrument
at Aarhus in Denmark. By combining data from different
instruments we have produced a standard spectrum from
a single solution of concentration �0.05 mM which can be
used as an instrument performance verification tool and to
compare the calibration status of CD instruments from 750
to 168 nm. For more critical work, however, higher con-
centrations could be used for measurements of the longer
wavelength peaks.

The broad spectral range of this standard means that it
will be useful for a wide range of applications. For exam-
ple, if we consider only proteins, in conventional CD, the
far UV range (typically 180 to 260 nm) is primarily used
for protein secondary structure measurements. The main
peak of ACS or CSA is at 290.5 nm, which lies outside this
range. However, CoEDDS has intense peaks at 210 and
237 nm; it also has a peak at around 179 nm, which is read-

ily accessible on synchrotron CD instruments. The near
UV region (typically 240 to 320 nm) provides information
on the aromatic side-chains and disulfide bridges in pro-
teins, and can be calibrated using the CoEDDS peak at
270 nm. Further, peaks are found at 370, 410, 480, 545,
and 599 nm, extending well into the visible region. In pro-
tein work this spectral region is principally used for stud-
ies of prosthetic groups such as haems. This wide spectral
range should prove to be of similar benefit in other appli-
cations.

The CD spectrum of CoEDDS thus has a number of
peaks across the spectral range from the far UV to the visi-
ble region, all of which can be measured with a single so-
lution. Furthermore, we noted that the spectrum can be
accurately modeled as a summation of nine Gaussian func-
tions. This means that the characteristics of the instru-
ment across the spectral range where virtually all elec-
tronic CD measurements are made can be reduced down
to a set of a few numbers, which greatly facilitates the
comparison across instruments. Indeed, such a set of pa-
rameters could be used to ‘‘correct’’ for differences
between instrument sensitivity profiles, as previously
described by Miles et al.3 but with the benefit that only
one standard is required rather than three. We have there-
fore developed a protocol for CD wavelength and intensity
calibrations using a method for ‘automatic’ instrument vali-
dation. The data from participant 4 and also the Warwick
data collected with a 2 nm bandwidth provided a test of
the standard material in instrument performance verifica-
tion. Automated pass/fail testing based on this standard
could readily be implemented in software used as part of a
quality control regime, for example in industrial applica-
tions. Criteria could include a threshold for fit quality, and
acceptable ranges for the wavelength and intensity of each
peak.

We would suggest the following procedure for the use
of the standard:
1. Certified samples of both enantiomers of CoEDDS are

distributed to users in sealed cuvettes, together with

Fig. 7. (a) Overlay of NPL experimental CD data for R,R- and S,S-CoEDDS (0.067 mM) with its fit to a sum of 9 Gaussian curves; (b) the fit residuals.

Fig. 8. CD spectra of R,R-CoEDDS and S,S-CoEDDS (0.056 mM and
1 cm path length) collected with 2 nm bandwidth. Also show is the sum of
the two enantiomeric spectra.
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appropriate documentation, a protocol for their use,
software for analysis of the resulting spectra, and the
cuvette baseline. The certification would indicate the
cell path length, peak parameters (intensity and wave-
length), and recalibration intervals.

2. A spectrum is acquired from each of the two enantio-
mers of CoEDDS using appropriate parameters, to-
gether with baseline spectra (determined from the local
instrument baseline and the provided cuvette baseline).
If desired, the spectra can be truncated to the range of
wavelengths of interest.

3. The spectra are imported into the analysis software,
baselines are subtracted, and the curve fitting method
described earlier is applied to the spectra.

4. The parameters of the fit are then compared to refer-
ence values. If the values fall outside a predefined
range, the instrument will be considered to have failed
the test. These parameters would include:
(a) The R2 (coefficient of determination) of the fit

should exceed 0.99. If the value is less than this, it
indicates poor quality spectra, for example due to
severe wavelength errors, noise, or other distor-
tions. This also serves as a check that the correct
spectrum is being used.

(b) The peak wavelength parameters should fit the ref-
erence values to within a defined range, for exam-
ple 61 nm. (This should only be applied to peaks
within the measured range. This would also take
into account the confidence limits of the fit, and
should only be applied to peaks which have posi-
tions well constrained by the data.)

(c) The peak heights should match the reference val-
ues to within a predefined limit. For example, for
critical work we recommend the value of the 211
nm peak should be correct to within, say 0.5% (in
which case the above quoted 2 nm bandwidth spec-
trum of Figure 8 would ‘fail’) or less critically to
within 5% (in which case it would pass). Again, this
criterion would only apply to these peaks within
the measured spectral range and that are suffi-
ciently well estimated by the fitting algorithm.

(d) Implicit within the above criteria is that the two
enantiomers will exhibit equal and opposite spec-
tra, confirming that the instrument is performing
correctly.

5. The software would then generate a report, including
the measured and reference spectra, the results of the
curve fitting, and a parameter-by-parameter pass/fail
assessment of the spectrum. Finally, the software
would generate an overall pass/fail decision and a rec-
ommendation for the next action in the event of a
failure:
(a) In the event that the spectra pass on the fit quality

and wavelength checks, but fail on the peak inten-
sities, the user will be first recommended to
remeasure the spectra, checking all instrument
parameters. If this situation still holds, the soft-
ware will offer the option of generating a calibra-
tion correction curve. This curve can be applied to

data to make them comparable to data measured
on the reference instrument. This option serves to
accommodate the scenario where a simple single-
wavelength intensity calibration adjustment (as
available on most instruments) is insufficient to
achieve comparability; for example, where instru-
ments exhibit wavelength-dependent variation in
sensitivity.

(b) If the spectra fail on fit quality or wavelength
checks, or if the intensity correction option is not
appropriate, the user will be recommended to per-
form further calibration checks or adjustments, or
call in a service engineer.

We believe that this new standard, when used as
described above, will greatly improve the reproducibility
and comparability of circular dichroism spectroscopy.
Although we anticipate most users will want calibration in
the UV region, CoEDDS has already been used by physi-
cists at Durham who were building a visible region CD
machine and could not find a commercially available
standard.21 The usefulness of this material could be
greater still if its absolute, traceable spectral characteris-
tics were determined. It could then be used to disseminate
traceable CD to end-user laboratories. However, this will
require the development of CD reference instruments by a
National Measurement Institute.
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