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Raman spectroscopy and quantum mechanical calculation
methods have found widespread application in recent years
in both academic and industrial research and development.
Advances in instrumentation include the development of fiber
optically coupled Raman probes, allowing more signal to be
collected, and micro-Raman and Raman imaging instruments.
These instruments have found widespread use in process
monitoring, quality control, and recycling (1–3) and have
been applied in materials characterization to distinguish
heterogeneous samples spatially and spectrally (4–6 ). On the
computational side, high-level electronic and vibrational
structure calculation methods have found increasing use in
molecular design and diagnostic applications ranging from
drug development to molecular electronics (7–11).

In spite of the proliferation of applications, exposure to
such methods in the undergraduate curriculum is sparse or
nonexistent. Although this could have been justified as little
as five years ago given the technology of that time, recent
advances in low-cost array detectors and lasers (12) and inex-
pensive commercial Raman systems manufactured by com-
panies such as OceanOptics,1 Chromex,2 Detection Limit,3

Kaiser Optical Systems,4 SpectraCode,5 and others, combined
with the wider availability of powerful computers and soft-
ware packages (13),6,7 have made the introduction of these
important topics into the undergraduate curriculum feasible.

The complementary nature of infrared (IR) and Raman
spectroscopies allows a more complete understanding of
molecular vibrational structure to be obtained when both
techniques are used, rather than just IR spectroscopy. IR
absorption intensities are proportional to the change in dipole
moment of a molecule as it vibrates, whereas Raman scatter-
ing intensities are proportional to the change in molecular
polarizability upon vibrational excitation (14, 15). As a result,
vibrations involving polar bonds are typically more prominent
in IR spectra (e.g. C–H, C–Cl, and C=O stretches), while
polarizable vibrational modes are more strongly Raman active.
Simple examples of Raman-active modes are the homonuclear
diatomics (e.g., N2 and O2), and aromatic ring breathing
modes and other vibrations involving multiple bonds or heavy
atoms. For molecules having a center of inversion, IR and
Raman selection rules are mutually exclusive; therefore both
kinds of spectra are required to determine a molecule’s full
vibrational spectrum. Molecules such as HCl and CO lack a
center of inversion and so possess peaks that arise in both IR
and Raman spectra.

Quantum theoretical and classical molecular modeling
methods have found many applications in the pharmaceutical
industry and other commercial settings where computer
modeling may aid in the design of molecules with tailored
characteristics and activities (7, 9). The importance of these
methods derives from their ability to predict such properties
as molecular geometry, heat capacity, zero-point energy,
entropy, reaction pathways, vibrational and electronic spectra,

and other physical and molecular characteristics. This paper
demonstrates the capabilities of quantum theoretical methods
in predicting IR and Raman frequencies and intensities,
and by comparing results obtained using different levels of
approximation, we illustrate the trade-off between computa-
tional speed and predictive accuracy.

Current organic and physical chemistry textbooks tend
to emphasize electronic (as opposed to vibrational) structure
as examples of quantum calculations, and to focus on IR (as
opposed to Raman) when discussing vibrational spectroscopy.
Similarly, although organic and physical chemistry laboratory
courses may contain segments in which IR spectroscopy is
applied, they rarely include Raman spectroscopy or take
advantage of modern theoretical methods in interpreting
vibrational spectra. Our goal is to promote the incorporation of
these topics in undergraduate lectures, textbooks, and labora-
tory experiments by illustrating the combined application of
Raman, IR and quantum calculation methods in the assignment
and interpretation of molecular vibrational spectra.

Experimental and Computational Procedures
Experimental Raman and IR measurements were per-

formed on trans-1,2-dichloroethene, cis-1,2-dichloroethene,
methanol, and d1-methanol. These molecules illustrate the
complimentary nature of IR and Raman spectroscopies as well
as the limitation and successes of computational methods in
predicting molecular vibrational frequencies and intensities.
The toxicity of these compounds is relatively low and so they
are appropriate for undergraduate research (16, 17 ). The
materials are all liquids at room temperature and were used as
received from Aldrich. Theoretical calculations were performed
using Gaussian 94 Revision D.2 on a workstation equipped
with an IBM RS/6000 processor (13).

The collection of Raman spectra was performed using a
low-cost home-built Raman probe head with back-scattering
geometry employing a 20-mW helium–neon excitation laser
(1, 18). Liquid samples were placed in 3-mL round clear
glass vials for Raman analysis. Spectra were collected using a
10-s integration time. The spectral resolution of the Raman
instrument used in the present studies is 20 cm�1.

IR spectra were collected using a Perkin-Elmer Spectrum
2000 FT-IR. All spectra were collected at 4-cm�1 resolution and
16 scans were averaged for each spectrum. Liquid samples were
placed between two sodium chloride windows. Measured
transmittance (T ) spectra were converted to absorbance (A =
�log T ), to take advantage of the direct relationship between
absorbance and concentration (A = εbc) (14 ).

Theoretical methods, which may be used for molecular
structure and vibrational spectroscopic calculations, can be
grouped into three categories. Molecular mechanics applies
the laws of classical mechanics to predict molecular properties
and structures; semiempirical methods utilize experimental
data for initial parameters; and ab initio methods, which
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calculate results based solely on the laws of quantum mechan-
ics (without the use of any experimental parameters) (19).
Semiempirical methods, such as AM1 or PM3, vary by their
parameter set. Therefore the type of method employed is de-
pendent upon the parameter set that best models the mo-
lecular system under investigation.

Ab initio methods, which include density functional
theory (DFT) and Hartree–Fock theory (HF), were employed
in this study as well as the AM1 semiempirical method. DFT
and HF methods differ in that no electron correlation effects
are taken into account in HF, which treats each electron as if
it were interacting with a mean field of charge summed over
all other electrons in the molecule. On the other hand, DFT
methods treat the electronic energy as a function of the elec-
tron density of all electrons simultaneously and thus include
electron correlation effects. One should note that a functional
is a function of a function; for example, the electronic energy
is a function of the electron density, which is in turn a function
of the distance the electron is from the nucleus. In general,
DFT comprises several types of functionals. Throughout the
remainder of this paper, DFT will refer to the use of the
B3–LYP hybrid functional.

DFT is typically more accurate than HF, especially in
the case when heavy atoms are contained in the molecular
structure. The improved accuracy of DFT, however, comes
at the cost of increased computational time (19, 20). Results
obtained with both of these methods also depend significantly
on the size of the basis set used to represent molecular elec-
tronic wave functions (orbitals). A basis set is a set of nor-
malized functions which, when combined in a linear fash-
ion, form molecular orbitals that best represent the system
(19). A method, when referred to in this paper, is a combi-
nation of a theory level and a basis set (e.g., DFT/6-31G*
represents the use of density functional theory combined with
the 6-31G* basis set).

Software packages such as HyperChem6 for IBM/PC-
compatible desktop computers and MacSpartan7 for
Macintosh computers could have been used to perform lower-
level semiempirical and ab initio vibrational calculations.
These programs were not used in this study because both
high- and low-level calculations were performed by Gaussian.
Although such personal computer software packages do not
currently offer IR and Raman intensity predictions, they do
predict vibrational frequencies and allow animated visualiza-
tion of normal mode vibrations, and thus may be very use-
ful additions to lecture and laboratory course curricula.

Results and Discussion

Experimental Spectra
The dichloroethene isomers were used to illustrate the

complementary behavior of Raman and IR spectroscopies
because the trans isomer has inversion symmetry whereas the
cis isomer does not. Methanol and d1-methanol were used
to demonstrate the utility of deuteration in peak assignment,
as the frequency of the hydroxyl stretch band decreases by
about a factor of √2 upon deuteration. The low molecular
symmetry of methanol was also used to demonstrate that,
although all vibrational modes are both IR and Raman allowed,
the relative intensity patterns of the bands observed using
the two spectroscopies are quite distinct. Table 1 lists all

aValues were obtained from ref 29. Values for methanol and d1-metha-
nol are for the gas-phase species. bAll frequencies are for gas-phase
molecules; they were calculated using the B3-LYP functional in conjunc-
tion with the 6-31G* basis set, and a correction factor of 0.9613 was
applied (19, 26). cCalculated using the B3-LYP functional in conjunc-
tion with the 6-31G* basis set. dFrequencies were labeled following
the terminology used in ref 21.
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frequencies, IR intensities, Raman activities, and symmetry
and frequency labels for the four molecules in this study.
Comparison of the calculated Raman activities and IR intensi-
ties allows determination of the strength of the transition.
Note that experimental IR spectra are generally reported in
either percent transmission or absorbance units, while Raman
spectra are reported in scattered photon counts. In order to
display both types of experimental data on the same scale,
all the experimental IR and Raman scattering spectra in this
paper are normalized to the same peak intensity.

Figure 1 shows a schematic diagram of the vibrational
modes of the centrosymmetric molecule trans-1,2-dichloro-
ethene. By convention, when assigning vibrational modes to
molecules with a center of inversion a subscript “g” is used
for symmetric modes and a subscript “u” is used for non-
symmetric modes (21). Symmetry rules dictate that all sym-
metric modes are only Raman active and all nonsymmetric
modes are only IR active, and the two spectra are mutually
exclusive.

The vibrational modes were labeled following the conven-
tion used by Harris and Bertolucci (21). In this representation,
νs and νas represent symmetric and asymmetric stretching

modes, respectively; ρr, ρw, and ρt denote rocking, wagging,
and twisting modes, respectively; and δ designates a bending
motion. The notation contained in parentheses represents the
symmetry of each mode of trans-1,2-dichloroethene and is
derived from the molecular point group, in this case C2h. The
last label assigns the vibrational number to each mode. The mode
assignments are defined following the standard convention,
in which the modes are numbered by descending symmetry
with totally symmetric modes at the top of the list. Within a
set of modes of the same symmetry the modes are numbered
by decreasing energy (21, 22).

Inspection of the ν1 mode in Figure 1 makes it clear that
the dipole moment of the molecule doesn’t change during the
symmetric stretch of the hydrogens; however there is a large
change in the molecular polarizability during the C–H
symmetric stretch. This mode is therefore Raman active. Simi-
larly, the ν9 mode has a large change in the dipole moment but
no change in the polarizability for this antisymmetric C–H
stretching mode, and therefore appears in the IR spectrum.

Figure 2a shows the IR and Raman spectra of trans-1,2-
dicholorethene, which confirm the prediction that the two
spectra are mutually exclusive. In this figure note that because

Figure 1. The 12 vibrational modes of trans-1,2-dichloroethene.
Arrows indicate the direction of motion of the atoms in the molecular
plane. Plus and minus signs indicate the direction of motion of the
atoms out of the molecular plane. The length of the arrows is a
qualitative measure of the corresponding vibrational amplitude. The
frequencies shown were calculated using the DFT/6-31G* method
and a correction factor of 0.9613 was applied.

Figure 2. (a) Comparison of the Raman (solid curve) and IR (dotted
curve) spectra of trans-1,2-dichloroethene. Because the molecule
possesses a center of inversion, the spectra do not contain any
vibrational peaks in common. (b) Comparison of the Raman (solid
curve) and IR (dotted curve) spectra of cis-1,2-dichloroethene. This
molecule does not contain a center of inversion; therefore some
vibrational modes are both IR and Raman active. The large background
in the Raman spectrum at lower frequencies is due to fluorescent
contaminants in the sample.
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the instrumental resolution is near the separation between the
ν1 and ν9 frequencies, the two peaks appear to have the same
frequency although they are in fact distinct (see Table 1).

The spectrum of cis-1,2-dichloroethene, shown in Figure
2b, is similar to that of the trans isomer (Fig. 2a). However,
cis-1,2-dichloroethene possesses peaks that arise in both
spectra. The reason for this qualitative difference is that cis-
1,2-dicholorethene lacks inversion symmetry, and thus all the
vibrational modes of this molecule would be expected to
appear in both spectra. However, some vibrational modes of
cis-1,2-dicholorethene, such as ν6 and ν7, are nevertheless IR
inactive because they happen to have no change in dipole
moment. Other modes, such as peaks at ν3, ν9, and ν10, do
not seem to appear in the opposing spectra because their in-
tensities are too small to measure (see Table 1) (21, 22). This
is a good example of how Raman and IR spectroscopy may
be used in tandem to aid in the assignment of vibrational
spectra even if the spectra are not mutually exclusive.

Another very useful aid to spectral assignment is isotopic
substitution. This is demonstrated in Figure 3, which shows
how the broad OH stretch band of methanol shifts upon deu-
terium substitution by a factor of about 1/√2. This shift
occurs because the reduced mass, µ, of the OH group is close
to the mass of a proton, whereas the reduced mass of the
OD group is about twice the reduced mass of the OH group.
Since the vibrational frequency of a diatomic molecule is equal
to (1/2π)(k/µ)1/2, where k is the harmonic force constant of
the vibrating bond, the OH band should be about √2 higher in
frequency than the OD band because of its smaller reduced
mass. This calculation is based on the assumption that the
OH and OD force constants are equal, which is a valid ap-
proximation (23, 24 ). The broad line-width of the hydroxy
mode relative to other vibrational modes is due to hydrogen
bonding in solution.

The Raman and IR spectra of both methanol and d1-
methanol also illustrate the influence of integrated transition
moments on peak intensities. For example, the OH and OD
peaks have fairly strong IR intensity but very weak Raman
intensity relative to other bands in the Raman spectra (see
Fig. 3b.). Another example is the ν7 mode (OD bend),
evident in Figure 3b, which clearly appears in the IR spectrum
but is apparently absent in the Raman spectrum. The small
change in polarizability of this vibrational mode renders it
too low to be detected using Raman spectroscopy, although
its change in dipole moment is large enough to be detected
using IR spectroscopy. The weakness of OH and OD stretch
and bend vibrations in Raman spectra gives Raman a distinct
advantage in studies of aqueous solutions of industrial and
biological interest (14), since it allows the detection of solute
vibrational spectra with little or no solvent interference.

Theoretical Calculations and Spectra
Modern theoretical methods are quite diverse and so, in

selecting a particular method, one must consider various fac-
tors. These include the molecular characteristics under in-
vestigation and the accuracy desired, as well as computational
time and cost constraints. The most important factors influ-
encing predictive precision are the level of theory and the
choice of a basis set (see section on procedures). Generally, a
larger basis set yields a more accurate construction of mo-
lecular orbitals for a particular system. However, the differ-
ence between basis sets lies not only in the number of func-
tions within the basis set, but also in the type of functions
themselves. When modeling a molecule containing second-
row or heavier elements, for example, the atoms possess dif-
ferent-sized orbitals (2s, 3s, etc). The variation in orbital size
can be compensated for by using a split-valence basis set (e.g.,
3-21G or 6-31G). This type of basis set mixes functions of
different radial extent to model the valence orbitals, thereby
allowing more variability in the size of orbitals. Another modi-
fication to basis sets is the addition of functions that allow
atoms to have nonspherical geometries, which is accom-
plished by mixing in functions that have angular momen-
tum, thus allowing orbitals with different shapes to be con-
structed (such as p- and d-type atomic orbitals). The result
is termed a polarized basis set and given the symbol *.
Other types of modifications to basis sets that allow more
accurate modeling of molecular systems are described else-
where (25).

Figure 3. (a) Comparison of the Raman (solid curve) and IR (dotted
curve) spectra of methanol. Note that the frequency axis covers a
larger range than that shown in Figure 3b. The Raman spectrum is
not shown beyond 3300 cm�1 because experimental data were not
acquired for these frequencies. (b) Comparison of the Raman (solid
curve) and IR (dotted curve) spectra of d1-methanol. This molecule
demonstrates the use of isotopic labeling in the determination of
the hydroxyl stretching mode. The frequency of the ν1 mode in d1-
methanol is shifted by a factor of 1/√—2 relative to the ν1 mode in
methanol. The hydroxyl stretch was labeled ν1 in this molecule to
maintain consistency with the non-deuterated hydroxyl stretching
mode in methanol (Fig. 3a). However, other similarly labeled peaks
do not necessarily correspond to the same vibrational mode between
the methanol and the d1-methanol spectra.
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When reporting calculated vibrational spectra it is cus-
tomary to scale the predicted frequencies by a multiplicative
constant to eliminate known systematic errors. These scaling
factors are method dependent and result from the use of finite
basis sets, incomplete account of electron correlation effects,
and the assumption of harmonic potentials (19, 26, 27 ).
Table 2 lists scaling factors for the methods employed in this
study and the errors associated with each.

The theoretical vibrational calculations in this work were
performed using density functional (DFT), restricted
Hartree–Fock (RHF), and semiempirical (AM1) theories in
combination with the STO-3G, 3-21G, and 6-31G* basis
sets. A comparison of the predicted vibrational spectra using
the aforementioned methods carried out on cis-1,2-dichloro-
ethene are shown in Figure 4. Figure 4a illustrates only the
differences between the levels of theory, using the same basis
set in each calculation. The semiempirical method, AM1,
does not require a basis set because it calculates molecular
properties based on experimental parameters that are used
to solve an approximate form of the Schrödinger equation.
As shown in Figure 4a, the spectra vary significantly on the
basis of the theory level chosen. The difference between the two
ab initio methods can be attributed to electron correlation
effects. There is only a modest agreement between frequencies
and intensities predicted from the AM1 method (as compared
to the ab initio methods) because semiempirical parameters
are generally determined for molecules in their ground state.
A vibrational transition distorts the molecular geometry, lead-
ing to a decrease in the accuracy of semiempirical parameters.

Figure 4b shows the variation in vibrational spectra as a
function of basis set while holding the level of theory fixed.
This figure illustrates the effects of polarized, split-valence,
and minimal basis sets on the calculated spectra. It can be
seen that intensities depend heavily on the basis set used.
Looking closely at the region between 500 and 1000 cm�1,
one sees a larger variation in the position of the peaks with
basis set relative to higher-frequency peaks. The lower region
of the spectrum contains the vibrational modes associated
with the chlorine atoms. Variations in this region are primarily
due to the increasing number of basis functions required to
model the many atomic orbitals associated with the chlorine
atoms. The 6-31G* basis set contains a larger set of functions
than the other basis sets used and therefore is able to more
accurately model this system.

Figure 4. (a) Comparison of the effect of theory level on the calcu-
lated frequencies of cis-1,2-dichloroethene using the 6-31G* basis set.
Note that the AM1 method is basis-set independent. (b) Comparison
of the effect of basis set on the calculated frequencies of cis-1,2-dichloro-
ethene using the RHF theory level. In both figures the calculated
spectra were scaled by the scaling factors given in Table 2.
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A direct comparison of calculated and experimental
spectra is shown in Figure 5. Here the IR spectrum for cis-
1,2-dichloroethene is compared to the calculated spectrum
using the DFT/6-31G* method. The peak positions of the
calculated spectra agree well with the experimental spectra.
The largest noticeable differences between the spectra occur in
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Figure 5. Comparison of the experimental (solid curve) and calculated
(vertical bars) IR spectra of cis-1,2-dichloroethene. The theoretical
spectrum was calculated using the DFT/6-31G* method and the fre-
quencies were scaled by the appropriate scaling factor (see Table 2).
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the intensities, although these are also in qualitative agreement
with the experimental results.

A comparison of root-mean-square (rms) deviations for
each theory level and basis set combination against literature
frequencies showed that the DFT/6-31G* method provided
the highest agreement with experimental frequencies for the
dichloroethene isomers. Table 3 shows the literature and
calculated frequencies for all theory level and basis set combi-
nations for cis-1,2-dichloroethene and Table 2 reports the rms
deviation (28) of the predicted frequencies from the experi-
mental values (after correction using the proper scaling factor)
for all methods. A similar calculation of residuals using the
methanol isotopes again indicates that the semiempirical
method is not as accurate as the ab initio methods, although for
methanol RHF/6-31G* actually gave slightly better agreement
with experiment than DFT/6-31G*. The ability of RHF/6-31G*
to provide results of comparable accuracy to DFT/6-31G* in
methanol undoubtedly lies in the fact that neither methanol iso-
tope contains elements that posses a large number of atomic
orbitals (such as the chlorine atoms in the dichloroethene iso-
mers). For the series of molecules studied, the DFT/6-31G*
combination resulted in the lowest overall standard deviation
and the semiempirical method, AM1, yielded the largest
standard deviation. This is in agreement with studies performed
on a larger set of molecules (26, 27 ). Not surprisingly, the
accuracy of the results also generally increases with the size of
the basis set (although for cis-1,2-dichloroethene the STO-3G
results happen to agree better with experiment than the larger
3-21G basis set results).

Another factor that should be considered when per-
forming theoretical calculations is the time required for the
computation. This is often referred to as computational cost
and is a function of the level of theory and the basis set used.
Table 4 shows a time comparison for all theory level and
basis set combinations for cis-1,2-dichloroethene. As expected,

the computational cost increases with increasing theory level
and basis set size. The major increase in computation time
associated with the DFT/6-31G* method is clearly evident.
There is also a large increase in the computational time of
the RHF/6-31G* method relative to the other RHF basis set
combinations. This clearly demonstrates the high cost of
adding functions to the basis set (which scales as the fourth
power of the number of basis functions) (25). Semiempirical
methods, on the other hand, provide quick, qualitatively
accurate results and moderate quantitative agreement with
experimental spectra.

Summary

The combination of IR and Raman spectroscopies and
quantum theoretical methods is shown to offer an instructive
view of molecular vibrational structure. Differences in relative
band intensities appearing in IR and Raman spectra of less
symmetric molecules, such as cis-1,2-dichloroethene and two

NOTE: All values for frequency are in units of reciprocal centimeters.
aFrequencies were labeled following the terminology used in ref 21.
bA literature correction factor was applied (19, 26, 27).
cCalculated using the B3-LYP functional.
dA correction factor specific to the theory and basis set was calculated from the set of

molecules used in this study following the procedure of Wong (26), and was applied to
all frequencies.

eSemiempirical models do not use basis functions to approximate molecular orbitals.
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ν 01 758 428 457 828 638 567 238 378
ν6 678 468 619 948 059 8101 529 678
ν3 9711 7811 2811 1211 0021 5911 3211 1311
ν9 3031 5821 8721 3521 7031 0921 5521 4021
ν2 7851 8061 5361 7061 4461 8761 5561 2271
ν8 2703 2013 8513 1113 2503 9113 2503 3003
ν1 7703 1213 2813 5313 3703 4413 9703 6103

aSemiempirical methods do not use
basis functions to approximate molecular
orbitals.

bCPU computation time. Computations
were performed on an IBM RISC/6000-
equipped workstation.

rofsemiTnoitatupmoC.4elbaT
,steSsisaBdnasleveLyroehTsuoiraV

rof -sic enehteorolhciD-2,1

teSsisaB
leveLyroehT

TFD FHR 1MA a

––– emiT b –––s/
G3-OTS 652 64

4G12-3 562 05
*G13-6 2551 992
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methanol isotopes, are found to aid in the assignment and
understanding of molecular vibrations. The low Raman
scattering cross-section of hydroxyl stretching and bending
vibrations evident in the methanol spectra explains why Raman
spectroscopy may be used to measure solute vibrational spectra
in aqueous solutions, with minimal interference from the
solvent.

The relative benefits and costs of various theory levels
and basis set sizes have been compared. These comparisons
indicate that although the semiempirical (AM1) method is
less computationally taxing and can be run efficiently on a
desktop computer, the predicted vibrational frequencies have
only a modest agreement with experiment. The highest-level
ab initio method (DFT/6-31G*), which took about 500 times
longer to run, accurately reproduced experimental spectra for
the molecules studied. For the set of molecules chosen, the
recommended theory level is the Hartree–Fock (RHF/6-
31G*) method, which produced predictions almost as good
as the full DFT method in about a fifth the computational
time.

Acknowledgment

This work was supported by the National Science
Foundation.

Notes

1. OceanOptics Inc., 380 Main St., Dunedin, FL  34698; Ph:
727/733-2447; FAX: 727/733-3962; URL: http://www.OceanOptics.
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