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Abstract: Two of the three conformational polymorphs of dimethyl-3,6-dichloro-2,5-dihydroxyterephthalate
are studied by solid-state NMR techniques. The structural differences between the polymorphs have previously
been studied by X-ray. In these two polymorphs named white and yellow due to their color, the major structural
difference is the torsional angle between the ester group and the aromatic ring. The yellow form has a dihedral
angle of 4 between the plane of the aromatic ring and the plane of the ester group, while the white form has
two different molecules per unit cell with dihedral angles of &hd 83. This change greatly affects the
conjugation in ther-electronic system. In addition, there are differences in the hydrogen-bonding patterns,
with the white form having intermolecular hydrogen bonds and the yellow form having intramolecular hydrogen
bonds. In this work, the carbon isotropic chemical shift values and the chlorine electric field gradient (EFG)
tensor information are extracted from th& MAS spectra, and the principal values of the chemical shift
tensors of the carbons are obtained from 2D FIREMAT experiments. Quantum chemical calculations of the
chemical shift tensor data as well as the EFG tensor are performed at the HF and DFT levels of theory on
individual molecules and on stacks of three molecules to account for the important intermolecular interactions
in the white form. The differences between the spectral data on the two polymorphs are discussed in terms of
the known electronic and structural differences.

Introduction Scheme 1

Due to the conformational flexibility of organic molecules
distinct crystal structures can often be obtained by varying
crystallization conditions. This phenomenon is known as poly-
morphism. Conformational polymorphism, as encountered in
dimethyl-3,6-dichloro-2,5-dihydroxyterephthalate (Scheme 1),
is one of several categories of polymorphism. The analysis of
polymorphs is increasingly important in pharmaceutics, material

science, and industrial chemistry because solubility, color, and investigate polymorphisi13 However, the chemical shift is
mechanical properties in solids depend inherently on the crystaly second rank tensor and contains detailed orientational infor-
structure and the conformation of the molecule in a given mation. Thus, the principal values and the orientations of the
polymorph?-? chemical shift tensor may reveal a deeper insight into the
Solid-state NMR is known to be a powerful method to conformation of the compound. The full tensor is only accessible
investigate the effects of differences in conformation and by single crystal studies, but from measurements on powdered
packing without the limitations of diffraction methods. Chemical samples the chemical shift principal values may be obtained.
shifts, especially, are very sensitive to local conformations. Most

previous solid-state NMR investigations of polymorphs have Eic(r?e): fc\r("gid/f\' n’?';Cﬁael;?bé%a%'g;;“igi'ﬂ"z'éfhatib' S.; Botoshansky, M.;
relied on differences in isotropic chemical Shﬁté_-l Only a (7) Singh, D.; Marshall, P. V.; Shields, L.; York, B.Pharm. Sci1998
few studies have utilized the chemical shift principal values to 87, 5, 655.
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Figure 1. View of the molecule stacks chosen for the calculationd\éha andY-I, The stack used for thé/-1 b stack of three molecules has
the same configuration as the one Wkl a, but with theW-1 b molecules sandwiched between tW1 a molecules.

The recently developed 2D FIREMAT technique with Y-l to W-I at 385-410 K with optical microscopy and
TIGER® processing is one such method which makes it possible differential scanning calorimetry, and reported 8%l NQR
to obtain the chemical shift principal values for each resolved frequencies. The most striking difference betw®én andY-I
isotropic chemical shift from a powdered sample. is the torsional angle between the planar aromatic system and
Another probe that is sensitive to conformation is the the ester group, resulting in different crystal packing and a
quadrupolar coupling of nuclei with a quadrupole moment. The change in hydrogen bonding between the carbonyl and the
magnitude of the coupling depends on the size of the quadrupolenydroxy group in the molecule. The torsional angleYid is
moment of the nucleus and the size and orientation of the 4° and an intramolecular hydrogen bond exists. Due to this low
electromagnetic field gradient (EFG) at the nucleus. The EFG torsional angle the substituent sphere is sterically crowded
is generated by the electron distribution around the nucleus andresulting in longer €&Cl bonds and distorted bond angl&s|
is therefore very sensitive to changes in the electronic environ- has onel, centrosymmetric molecule per asymmetric cell,
ment caused by variations in conformation and packing in the whereasW-I has two 1/, Centrosymmetric molecules per
crystal. The quadrupolar coupling is described by a traceless asymmetric cell, with torsional angles of 7QW-I a) and 85
second rank tensor. It may be observed in solid-state MAS (w.| b) in these molecules, respectively. In addition, there is
NMR spectra of common spitt; nuclei as a dipolar coupling  jntermolecular hydrogen bonding W-I (Figure 1). The large
between the quadrupolar nucledSQl and *’Cl) and the ob-  torsjonal angle inW-1 has an extensive impact on the overall
served spirt/, nucleus t°C), which is not completely averaged  gjectronic structure of the compound, since thexr overlap
by magic angle spinning: Simulation of the resulting Pake penween the carbonyl group and the aromatic system is
doublet-like resonance in the MAS spectrum allows the deter- negjigible compared to that -1 where the low torsional angle
mination of most parts of the EFG-tensor and the internuclear 4ows appreciable—x overlap. Swiatkiewicz et &8 assigned
distances™? _ _ _ _ the solid-state Raman and electronic photoexcitation and emis-
In this paper solid-state NMR is used to investigate the ¢, spectra folW-1 and Y-l and used these methods to
conformational polymorphism of dimethyl-3,6-dichloro-2,5- investigate the phase transition at 38M0 K.
dihydroxyterephthalatel \. The polymorphism ofl was dis- . .
covered by Hantzs@h over 100 years ago and has attracted . LY-I was @scovered by Yang et &f.who det.erm|r.1e(.j that
the attention of many researcheds.forms three different it has a torsional angle O_f A(and crystal paqkmg similar to
conformational polymorphs, which are named by their color: Y-I. They performed a variable-temperature single-crystal X-ray
yellow (Y-1), light yellow (LY-1) and white W-1). Al three d!ffractlo_n study _and a (_:omblned optlcfal microscopy and
forms are stable at room temperature and can be stored for yeardifférential scanning calorimetry study to investigate the con-
without phase transition. Byrn et .22 solved the crystal nection between internal molecular motion and conformational

structure ofW-1 andY-I, investigated the phase transition from iSOmerization between the different polymorphic forth$hese
studies reveal a large temperature dependence of the torsional

(14) Alderman, D. W.; McGeorge, G.; Hu, J. Z.; Pugmire, R. J.; Grant, i i
D. M. Mol. Phys 1998 95 6 1115 angle of the ester group with respect to the aromatic plane. They

(15) McGeorge, G.; Hu, J. Z.; Mayne, C. L.; Alderman, D. W.; Pugmire, IS0 found large anisotropic displacement parameters fbr
R. J.; Grant, D. MJ. Magn. Reson1997, 129, 134.

(16) Menger, E. M.; Veeman, W. S. Magn. Resonl1982 46, 257. (21) Byrn, S. R,; Curtin, D. Y.; Paul, I. Cl. Am. Chem. S0d971, 94,
(17) Olivieri, A. C.; Elguero, J.; Sobrados, I.; Cabildo, P.; Claramunt, 890.
R. M. J. Phys. Chem1994 98, 5207. (22) Curtin, D. Y.; Byrn, S. RJ. Am. Chem. Sod 969 91, 1865.
(18) Eichele, K.; Wasylischen, R. E.; Grossert, J. S.; Olivieri, AJC. (23) Swiatkiewicz, J.; Prasad, P. Bl.Am. Chem. Sod982 104, 6913.
Phys. Chem1995 99, 10110. (24) Yang, Q.-C.; Richardson, M. F.; Dunitz, J. Bcta Crystallogr
(19) Alacoron, S. H.; Olivieri, A. C.; Carss, S. A.; Harris, R. K.; Zuriaga, 1989 B45 312.
M. J.; Monti, G. A.J. Magn. Reson., Ser 2995 116, 244. (25) Richardson, M. F.; Yang, Q.-C.; Novotny-Bregger, E.; Dunitz, J.

(20) Hantzsch, AChem. Ber1915 48, 785. D. Acta Crystallogr.199Q B46, 653.
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compared to the other two forms and proposed a mechanism100.625 MHz. On the 400 MHz spectrometer T@SSideband
for the thermal phase transitigh. suppression and TPAE decoupling with a phase angle of1&as

In this work the’3C CPMAS spectra at 2.35, 4.7, and 9.4 T used. ThéH T; was measured to be 33 s fgrl and 13 s folw-1 at
and the FIREMAT spectra at 9.4 T are obtained on both 100.625 MHZ.' - . . .
andW-1. From simulations of th&C CPMAS spectra, dipolar The foIIovx_nng optimized experlmer_ﬂal conditions were used: a 7
. . . . ms contact time and a 12 s recycle time Wrl and a 9 mscontact
|nf0r_m&1t|0n as well as information on _ the EFG tensor are o and 33 s recycle time fok-1. The proton 90 pulse was
obtained. The FIREMAT datasets provide the chemical shift 5,5 oximately 4.14s on all three spectrometer systems.
principal values of all carbon positions of the two polymorphic  The13c FIREMAT! experiments were performed on the CMX400,
forms. The chemical shift principal values and the EFG tensors using the 7.5 mm probe with a feedback circuit to synchronize the
are calculated for the known low-temperature structures using pulse sequence to the rotor position. Theghllse sequenédwas used
HF and DFT methods. To account for intermolecular interactions with TPPM decoupling using a phase angle of.36rW-I the spectra
these calculations are done on isolated molecules and on stack¥indow in the acquisition dimension was 78.125 kHz, the spectral width

of three molecules. The theoretical values are compared toin the evolution dimension was 13 kHz, and the spinning speed was
experiment 812.5 Hz. ForY-Il the spectra width in the acquisition dimension was

63.291 kHz, in the evolution dimension it was 10.504 kHz, and a
spinning speed of 659 Hz was used. For both forms 16 complex
increments were taken with 384 scans each.

The 2D data were processed on a Sun Enterprise 3500. Individual
spinning side-band patterns were obtained from the 2D dataset using
TIGER' processing. TIGER processing requires a linear model for
and used for recrystallization. the evolution dimension, which is obtained by fitting a guide spectrum

Dimethyl 2—5-Dichloro 3,6 dihydroxyterephthalate (I). Dicar- with Gaussian and Lorentzian line shapes. The line shapes encountered
bomethoxy-1,4-cyclohexanedione (3.6 g, 15.3 mmol) was dissolved in in the 9.4 T spectra are well described by Gaussian and Lorentzian
60 mL of acetic acid (reagent grade), and chlorine was bubbled throughline shapes, despite the pattern-like nature of the coupled shifts. The

Experimental Section

Sample Preparation. Dicarbomethoxy-1,4-cyclohexanedione was
purchased from Arcos and used without further purification. HPLC-
grade methanol and benzene were stored dvA molecular sieves

this solution for 1.5 h. It was then heated to°@5and stirred overnight.
Since the cyclohexadione shows blue whighows green fluorescence,
the reaction progress can easily be monitored by TLC on silica with
benzene eluent. After completion of the reaction the solvent was
removed to precipitate a yellow solid (2.55 g). This crude product was
further purified on a column packed with silica gel (20600 mesh)
with benzene eluent. The overall yield bfvas 0.96 g (22%).

EI-MS [z (%)]: 293.9 (M, 24.3), 261.94 = 32,—CHs0H, 91.2),
229.9 A\ = 64,—2 (CH;OH), 100), 201.94 = 92, —2 (CH;OH) —CO,
23.8)

13C NMR (500 MHZ, methanol):6 (ppm) = 53.46 (Gue), 119.40
(Ca), 126.18 (), 145.92 (Gn), 166.93 (Gy).

Crystallization. The two different polymorphs studied were obtained
by recrystallization from different solvents by slowly cooling a saturated
refluxing solution ofl. If the solution was not refluxed for several
minutes, a mixture of different polymorphic forms was usually obtained.

model is then used to extract individual sideband patterns at the
maximum intensity for the different isotropic shifts.

All sideband patterns were fit with a single CSA sideband pattern
model; only when breakthrough from a nearby resonance was apparent
in the spectrum was a second or third sideband pattern included in the
model to obtain the best fit. The principal shift values of this additional
sideband patterns were taken from the best fits of the neighboring
resonances, and only their intensities were optimized.

The residual dipolar coupling apparent in the sideband manifold was
not incorporated into the sideband model. The effect of the residual
dipolar coupling resulting from quadrupolar interactions onto the shape
of the sidebands is well understo#dThe effect on the FIREMAT
spectrum, however, is more complicated and was not previously
investigated. A challenging problem arises from the large number of
parameters that must be considered in a complete description of the
dipolar-coupled sideband pattern since both ClI isotopes interact with

White needles are preferentially formed from a benzene solution, but the **C nuclei. Thus, it is only possible to fit the coupled sideband

occasionally the formation of yellow plates is observed. In this case

pattern when both the chemical shift anisotropy,*fi-3>3"Cl dipolar

the solution is reheated and refluxed for several minutes to remove all coupling constants and t§e3'Cl quadrupolar couplings are combined

yellow seed crystals from the system.
Y-I crystallizes preferentially from saturated methanol solutions. If

in the computation of the line patterns.
Theory of Residual 33CI—-3C Dipolar Couplings and MAS

the white needles appear along with the yellow plates, the solution is Simulations. Since the ratio of the quadrupolar couplintp the Larmor

heated again to dissolve the crystals. Sifgd is more soluble in

frequencyw is larger than 1 for botR°Cl and3’Cl at commonly used

methanol, the yellow crystals remain and become effective seeds. Thefield strengths in solid-state NMR, first-order perturbation is not
obtained crystals were then filtered off, washed, and dried in a vacuum applicable to describe the effect of the quadrupolar Hamiltonian. The

to remove residual solvent.

X-ray Powder Diffraction. The X-ray powder diffraction patterns
of the two polymorphic forms were recorded on a Rigaku diffractometer
with monochromated Cu & radiation § = 1.540598 A). Data were
collected between af2angle of 8 and 60 in a step scan mode with
0.05 steps and a collection time of 0.3 s. Approximately 20 mg of

total Hamiltonian for anl,S spin system wheréis spin'/; (C) andS
is spin¥/, (Cl) is given by

Hotal — 112 4 14574 HSQ 4 HP 4+ Y

Applying first-order perturbation to the coupling Hamiltonian, only the

sample was cautiously ground, placed on a greased microscope S|ide1combined Zeeman and quadrupolar Hamiltonian have to be diagonal-

and carefully smoothed with a spatula.

The theoretical XRD patterns based on the room-temperature X-ray

single-crystal daf&?*were calculated using the Molecular Simulations

Inc. software package and compared to the collected data to confirm

the crystal form of the sample.
Solid-State SpectroscopyThe solid-state CPMAS spectra at 2.35

T were recorded on a Chemagnetics CMX100 spectrometer equipped

with a 7.5 mm Chemagnetics high-speed-spinning PENCIL probe with
a 13C frequency of 25.152 MHz. The CPMAS spectra at 4.7 T were
recorded on a Varian VXR-200 spectrometer gsarb mmhigh-speed-
spinning probe from Doty Scientific Inc. at'&C frequency of 50.318
MHz. The high-resolution spectra at 9.4 T were collected on a

Chemagnetics CMX400 spectrometer equipped with a 7.5 mm Che-

magnetics high-speed-spinning PENCIL probe &G frequency of

ized
HO = H? + HS + H%® H' = H° + H’

Using the EFG principal axis system as the axis system with the
magnetic field direction specified by andf (Figure 2), the complete

(26) Geen, H.; Bodenhausen, &.Am. Chem. S0d.993 115, 1579.

(27) Bennet, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K.J/.Chem.
Phys.1995 103 6951.

(28) McGeorge, G.; Alderman, D. W.; Grant, D. M. Magn. Reson.
1999 137, 138.
(29) Hu, J. Z.; Alderman, D. W.; Ye, C.; Pugmuire, R. J.; Grant, D. M.
Magn. ResorA, 1993 105, 82.
(30) Zheng, Z.; Gan, Z.; Sethi, N. K.; Alderman, D. W.; Grant, D.M.
Magn. Reson1991, 95, 509.
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Figure 2. Relationship between the-€ClI bond vector, the spinning
axisSand the magnetic fiel8, in the EFG principal axis system. The
anglesf and ¢ specify the orientation of the internuclear vector, and
the anglesx andg specify the orientation of the magnetic field vector
in the EFG principal axis system, respectively. The magic angle is
abbreviated by ma.

quadrupolar Hamiltonia# is given by:

€Q o168 - &) + (& + )

492S—- 1)
Diagonalizing the combined quadrupolar and Zeeman Hamiltonian
yields the wave function as an expansion of Zeerf&aigenstates.

H3? =

S
W (of) = Z ap(.B)ay(0,B)| @y b, 0

Once allan(a.,8) andan(o,3) coefficients are determined, the combined
dipolar and scalat,S coupling terms may be calculated numerically.
For the sake of simplicity, the same principal axis system is assumed
for the dipolar and scalar coupling. TEe*Cl-coupled'*C resonance

is then calculated by:

Avy () = W2 1o (0, B) [H W2 (0, 8) -
2an(0LB) H [P (00,8) 0

The powder average is obtained by collecting the resonance fre-
guencies for albe and; the MAS line shapes can then be obtained by
averaging over the magic angle.

In this approach no assumptions regarding the symmetry and the

Strohmeier et al.

neighboring®*C where the unique EFG tensor axis is directed along
the C-Cl bond as generally found. This configuration makes it possible
to retrieve the orientational information from the couplingofCl to

the carbons iB-position (Figure 2).

The?®3Cl-coupled™®C line shapes were calculated by diagonalizing
the appropriate Hamiltonian and applying the calculated wave functions
on H' using software written in Fortran 77. Different spinning-axis
orientations were produced using the POWDBE&oproach, and the
MAS line shapes were then calculated by averaging over the magic
angle. It was found that 47 steps per rotation cycle and 4096 crystal
orientations were sufficient to obtain all expected line shape features
in the simulation. The program was tested and found to produce
simulations in good agreement with simulations and MAS spectra from
the literature’~1° The calculations for &3CI—13C spin-pair required
about 1 min on a Sun Enterprise 3500.

The quadrupolar coupling constants previously found in NQR
experiment¥ were used in the simulations. However, an average value
for the two molecules per asymmetric cell was used to simplify the
simulations forwW-I. The small difference between the two coupling
constants and the good agreement between simulation and experimental
spectra show that this assumption is correct within the experimental
resolution. The asymmetry used in the simulations was systematically
improved, starting from values found for similar compouffdmitial
values for the dipolar coupling constants for the different forms were
calculated using the €CI distances found in the room-temperature
crystal structuré* Care was taken that the geometrical restraint im-
posed by the molecular geometry onto the four-body system was
conserved when the spatial orientation of the three internuclear vectors
with respect to the EFG principal axis system was determined (Figure
2). Since the MAS spectra 0Y-1 is relatively insensitive td coupling
due to overlap with the Gesonance, the same scalar coupling found
in Y-I was also assumed foW-1. The same EFG-tensor parameters
were used for all three different field strengths. The resulting spectra
were then line-broadened using a Gaussian function and compared to
the collected data. Agreement was judged to be excellent by visual
inspection, as can be seen in Figures 3 and 4Yfdr and W-I,
respectively.

Quantum Mechanical Calculations. DFT (density functional
theory) and HF (HartreeFock) calculations were performed with the
Gaussian 98 computer progréhusing the GIAG® (gauge invariant
atomic orbitals) method and the D95** basis ¥ethe DFT calculations
use the B3LYP"383%xchange correlation functional. The shift tensor
calculations were done on isolated molecules as well as on stacks of
three molecules to account for intermolecular interactions using the
known low-temperature structur&sThe C-H bond distances were
lengthened to 1.085 A as-€H distances found by X-ray diffraction
are known to be too short. As the chemical shift is known to be very
sensitive to the geometry, in particular the-8 bond lengths, the

orientation of the EFG tensor are made. The common assumption of standard procedure has often been to optimize all proton posffions.
an axially symmetric EFG tensor for chlorine is applicable for most However, in this case due to the size of the system (76 atoms) it was
cases, but as soon as the axial symmetry of the three free-electron pairs

on chlorine is broken, the asymmetry
n= (qxx - qyy)/qu
becomes appreciable different from 0. That is the case when chlorine

is attached to a gybridized carbon atom with an electron deficiency
in the p-orbital, resulting in a polarization of the chlorine lone pairs

(33) Alderman, D. W.; Solum, M. S.; Grant, D. W. Chem. Phys1986
84, 7, 3717.

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
QOchterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

parallel to the electron-deficient p-orbital. In these cases asymmetries ortiz, 3. v.: Baboul, A. G.: Stefanov, B. B.: Liu, G.: Liashenko, A.: Piskorz,

as high as 0.26 are observ&d.

Since no assumptions regarding the symmetry and orientation of
the EFG tensor are made, it is possible to obtain not only its magnitude
and asymmetry but also its orientation with respect to the molecular
frame even when the tensor is not axially symmetric. To be able to
retrieve this information it is necessary that the unique axis is not
parallel to the unique dipolar coupling axis, that is, internuclear vector
(6 = 0). In the investigated compound tBe*Cl is coupled to three

(31) Slichter, C. P.Principles of Magnetic Resonancerd ed.;
Springer: New York 1996; p 496.

(32) Lucken E. A. CNuclear Quadrupole Coupling Constangscademic
Press: New York 1969; p 167.

P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople H@ussian 98
revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(35) Ditchfield, R.Mol. Phys.1974 27, 789.

(36) Dunning, T. H., Jr.; Hay, P. J. IMlodern Theoretical Chemistry
Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; pp28.

(37) Becke, A. D.J. Chem. Phys1993 98, 5648.

(38) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(39) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, @hem. Phys. Letl.989
157, 200.

(40) Liu, F.: Phung, C. G.; Alderman, D. W.; Grant, D. M.Am. Chem.
Soc.1996 118 10629.
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Figure 3. C CPMAS spectra o¥-I and simulations of the couplédC resonances at 2.35, 4.7, and 9.4 T. Spinning sidebands are marked by
asterisks.

T
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Chemnical Shift /ppm

Figure 4. 3C CPMAS spectra ofV-I and simulations of the coupl€dC resonances at 2.35, 4.7, and 9.4 T. Spinning sidebands are marked by
asterisks.

felt sufficient to adjust all &H bond lengths to a single value. The  respectively. The chemical shift data obtained from the simula-
structures used for stacks of three molecules are shown in Figure 1.tions of the residual dipolar coupling and the FIREMAT

Since the inversion symmetry of the system is broken when calculations experiment along with solution isotropic chemical shifts obtained
are performed on the stack chosenYet, only the half of the molecule in different solvents are given in Table 1. The parameters used

that is exposed to the intermolecular interactions is considered. Thefor the simulations of the CPMAS spectra are given in Tables
shielding values were converted to the ppm scale by using the slope2 and 3 P 9

and intercept of the least-squares fit of the correlation between ] )
experimental data and the calculated shielding values. Assignment of the'*C CPMAS Spectra. Previously de-

The electrostatic field properties were calculated using the same self-scribed featuré$ of 13C MAS spectral patterns of carbons
consistent field wave functions employed for the NMR calculations. coupled to®*>3"Cl are observed for the carbonsdn(Cc|) andp
The EFG values were converted to the nuclear coupling constant for (Coy and G) positions relative to chlorine. While the spectra

*Cl in frequency units by: obtained at 4.7 and 2.35 T show the dominating effect of the
5 13C—35.37C| residual dipolar coupling, the simpler spectra ob-
_°© Q0zz tained at 9.4 T provides directly assignable resonances. At 9.4
Xzz h T the strong coupling to th#&37Cl at the G, position results in

a doublet-like resonance in both forms with a splitting of
approximately 500 Hz. The aromatice@resonance is found
at lower field in the aromatic shift region than ther€sonance
for both polymorphic forms. The &; and G resonances also
show the effect of the residual coupling but with a smaller

For the purpose of the following discussion the nomencla- coupling as a result of the larger distance and a different
ture shown in Scheme 1 is used. The CPMAS spect\/of

and Y-I at different fields are shown in Figures 3 and 4, (41) Pyykko, PZ. Naturforsch.1992 47a 189.

With a quadrupole moment f6PCl of Q = —0.08165x 10728 Q/n?,
a conversion factor of 1 asr —19.184484 MHz is obtainet.

Results and Discussion
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Table 1. Experimental Chemical Shift Tensor Principal Values for
W-I andY-Il/ppm

011 022 033 Oiso Ocpmas Omeop Opmso Ocpciz Oceps

Co2

W-I 260.4 138.3 108.4 169.0 168.5166.9 164.3

Y-I 251.1 149.4 110.0 170.2 169.8 167.5 167.8
CoH

W-I 213.9 157.5 60.0 143.9 143.6145.9 143.4

Y-l 224.3 171.2 61.5 152.3 152.1 148.3 149.3
Cal

W-I 189.8 118.6 47.9 118.8 118.5119.4 117.9

Y—I 183.9 127.4 56.4 122.6 122.3 119.6 120.3
b

W-—la 189.5 1449 41.7 125.4 123.1126.2 125.7

W-Ib 191.4 146.0 42.9 126.8 126.7

Y—I 177.8 142.6 28.4 116.3 116.4 119.3 119.8
Cwe

W—I 86.2 69.1 139 56.4 56.3 535 529

Y—I 83.8 66.5 10.6 53.6 54.1 53.4 529

aThe isotropic chemical shift is determined by simulating the
CPMAS spectra? The two molecules per asymmetric cell in the white
form are resolved for the @osition

Table 2. Coupling Parameters Used in the CPMAS Spectral
Simulations

D /Hz
Cc| Ci COH J/Hz
W-I 559 147 150 —-20
Y-l 549 137 156 —-20

Table 3. Calculated and Experimental Quadrupolar Coupling
Constants fof°Cl and Orientations

A2z Axx Ayy 0Cc  ¢Ci2 ¢Coi?
MHz MHz MHz n deg deg deg
experiment
W-| —-70.6% — - 0.04 0 90 9o
Y- —-73.30 - — 0.15 0 90 90
B3LYP D95**
W-la —71.32 33.54 37.63 0.06 0 -119 71
W-Ib —-69.92 30.91 37.86 0.07 0 —-108 74
Y- —76.06 29.24 46.82 0.23 0 -91 89
B3LYP D95** Three Molecules
W-la —71.92 33.34 38,57 0.07 0 -—101 82
W-Ib —71.56 33.28 38.29 0.08 1 -9 87
Y- —-76.41 29.12 473 0.24 1 -92 88
HF D95**
W-la —74.11 35.44 38.67 0.04 0 —-122 61
W-Ib —-74.39 35.67 38.72 0.04 0 —108 74
Y- —79.95 3235 47.6 0.19 1 -91 89
HF D95** Three Molecules
W-la —7492 3576 39.14 0.05 0 -—-107 75
W-Ib —-74.13 35.33 38.8 0.05 0 -97 85
Y- —-80.53 324 48.13 0.20 1 -92 89

@ Because of the inversion symmetry of the EFG tensor, the residual
dipolar coupling observed in the CPMAS spectra is independent of

the sign.? Taken from ref 22¢ The anglep has only a small effect on
the simulation because of the small asymmetry

Strohmeier et al.

shift difference ofA60 = 1.6 ppm. The excellent agreement
between simulation and experimental CPMAS spectra indicate
that the two molecules per asymmetric cell are indeed resolved
for the G position.

At 4.7 T field strength thé537CI quadrupolar interaction is
stronger than the Zeeman interaction, and the expected triplet
pattern with a 2:1:1 intensity ratio is observed for the C
position in both spectra. Due to overlap with the r€so-
nance only two peaks are resolved in either spectrum. The C
and Gy resonance are broadened, and shoulders are formed
by the residual coupling at this field. At 2.35 T the chlorine
is predominately quantized by the quadrupolar interaction, and
four patterns result for & from the residual coupling, each
corresponding to a chlorine eigenstate. The extensive overlap
in the broadened Gnd Gy resonances makes it difficult to
recognize individual features of the overlapping peaks at 2.35
T. The simulations of the carberchlorine residual dipolar
coupling in both polymorphic forms reproduce all of the
observed features in the spectra and are in excellent agree-
ment at all three field strengths as shown in Figures 3 and
4. The actual isotropic chemical shifts obtained from simu-
lating the MAS spectra are given in thipmas column in
Table 1.

Effect of Conformation and Intermolecular Interactions
on the Quadrupolar Coupling. The parameters used for the
simulations in Figures 3 and 4 are shown in Tables 2 and 3.
The accuracy in the asymmetry paramejds approximately
0.03. The asymmetries and quadrupolar coupling constants are
comparable to quadrupolar coupling constants found for other
six-membered aromatic systems with electronegative substitu-
ents¥? The orientation of the EFG tensor relative to the
molecular frame is only significant for the coupling to the
carbons irB-position to the chlorine, since tlzeaxis is directed,
as expected, along the<Cl bond. The error i is about 20
for Y-l because of the small magnitude of the dipolar coupling
to the carbons if-position. The simulated spectra\8f-1 are
insensitive to changes in the angle since the asymmetry is
small. The dipolar coupling constants obtained are smaller by
3.5% forY-I and 2% forwW-I than the dipolar coupling constants
predicted from the X-ray diffraction data. However, it is known
that dipolar coupling constants calculated from X-ray distances
are 2-5% larger than the values determined experimentally by
NMR.42

As discussed by Luckef?,the coupling constant and the
asymmetryy are significantly influenced by the electronegativity
of the neighboring group and the nature of the chemical bond.
The conformational differences between the two polymorphs
have a great effect on the electronic properties of the molecule.
In Y-I the ester group is in plane with the aromatic ring allowing
conjugation, resulting in a higher electronegativity of the
aromatic system and therefore to a larger quadrupolar coupling.
The larger asymmetry is observed due to the electron depletion
of the lone-pair in the chlorine p-orbital perpendicular to the
aromatic plane. Conversely, the large torsional angle between
the ester group and the aromatic system\id prevents the

interaction angle in the EFG principal axis system between the mutual 7-systems from overlapping, thereby reducing the

nuclei. In the case of-I the couplings between ti#&37Cl and

electron depletion at the chlorine. The resulting electron

the Gon and G position result in broadened resonances at 9.4 distribution leads to a lower quadrupolar coupling constant and
T. ForW-I distorted doublet and triplet resonances are observeda lower asymmetry itW-I as observed.

for Con and G, respectively. Simulations of the residual coupling

The Towns and Dailey analysis can be used to calculate the

in W-I reveal that doublet resonances are expected for thesefractional 7z-bond populationp,, of the G-ClI bond from the

two positions at 9.4 T. The triplet resonance for i€ best

explained by two overlapping doublets resulting from the two
Ci of the two molecules per asymmetric cell having an isotropic

quadrupolar coupling:

(42) Zilm, K. W.; Grant, D. M.J. Am. Chem. Sod.981, 103 2913.
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where €Qqy/h = 109.6 MHz is the quadrupolar coupling of
the chlorine atoni? For W-1 andY-I p, is calculated to be 1.7
and 6.7%, respectivel.

Isotropic 13C Chemical Shifts. The conformational differ-
ences of the two polymorphic forms result in substantial
isotropic chemical shift differences ranging from 3.8 to 10.3
ppm for the aromatic carbonsf, Cci and G (Table 1, Figure
5). The isotropic chemical shifts ofdz and Gye on the other
hand show only a small effeck@.2 ppm) due to the changes
in conformation. The isotropic chemical shifts in solution exhibit
a strong solvent effect, and individual shifts in different solutions
differ by several ppm. When tHEC shifts in different solvents
are compared to the CPMAS data of the two polymorphic forms,
it is readily seen that solutions ¢fin the nonpolar solvents
such as chloroform and benzene afitl have similar isotropic
chemical shifts. Solutions dfin polar hydrogen-bond-forming
solvents such as methanol and DMSO exhibit isotropic chemical
shifts similar to those measured\ivt-I . This observation reveals
similarities between the conformation of the two polymorphic

forms and the conformations and hydrogen bond arrangements ~Me
present in solution. In nonpolar solvents, where the solvent does

not allow intermolecular hydrogen bonds, the planar conforma-
tion with an intramolecular hydrogen bond is lowest in energy.
On the other hand, hydrogen-bond-forming solvents promote
the formation of intermolecular hydrogen bonding between

J. Am. Chem. Soc., Vol. 123, No. 812001
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Figure 5. Experimental chemical shift principal values and isotropic

chemical shifts folW-1 and Y-I. Solid lines represent the chemical
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solvent and solute. Because of steric crowding in the aromatic shift principal values and the isotropic chemical shifts are represented

plane, the conformation with a large torsional angle should then
be favored, resulting in a conformation similar W-1. A
thorough interpretation of the isotropic chemical shifts in

by dashed lines. The isotropic chemical shift ahkd of C¢ in W-I
overlap.

solution, however, would require equilibrium between several 7-system. Consequently, all chemical shift values are affected,
species that exceeds the scope of this investigation. ByrAlet al as the chemical shift is a very sensitive probe of the local
has already mentioned similar hydrogen-bond patterns in the electronic environment. Exceptionally large shift differences up
different crystalline and solution species. However, the previous to 14 ppm between the two forms are observeddgrat the
findings were based on spectroscopic data on different solutionsCon position and fordsz at the G position. Even in the less
and on the X-ray crystal structure. sensitive methoxy-carbon shifts, differences ef2ppm are

13C Chemical Shift Principal Values. The FIREMAT4 measured. From Figure 5 it is readily seen that the conforma-
experiment is a 2D solid-state NMR method that provides the tional differences of the two polymorphic forms are better
isotropic spectrum in one dimension and the CSA information resolved by the chemical shift principal values than by the
in the other dimension. Since the chlorine-coupled resonancesisotropic chemical shift alone. In particular, the substantial

are split into multiplets, a complication arises when the chemical
shift principal values are determined from the FIREMAT

differences in the g, environment are not well characterized
by the isotropic chemical shift, with a difference of only 1.3

dataset. For each peak of the multiplets a set of principal valuesPPm betweeW-1 andY-I. However, the1; anddz principal
is obtained. As already mentioned, doublet-like resonances arevalues differ by—9.3 and+11.1 ppm, respectively.

observed for Gy and G in W-I and G in Y-l due to residual
dipolar coupling. The averaged principal values for these

The effect of hydrogen bonding on tHéC chemical shift
principal values of C@H groups of amino acids has been

resonances are obtained by averaging each component over thereviously studied*“* It was found that the strength of the

two obtained values. The situation is more complicated for the
Ci position inW-1, where a triplet is observed. The simulation
of the residual dipolar coupling to the chlorine shows that this
triplet is due to a overlap of two doublet-like resonances
resulting from two different!®C positions, each of which
represents one of the two molecules per unit ceNNHA . To
obtain the principal shift values for the different molecules per
unit cell both the high-field principal values and the low-field
principal values are averaged with the center principal values
(Table 1 and Figure 5).

The differences in the torsional angle of the ester group, the

hydrogen bond affects th&; andd,, chemical shift principal
values, with a stronger hydrogen bond shiftihg to lower and
d22 to higher chemical shift values. Thigs value is found to
be unaffected by changes in hydrogen-bond strength.dghe
values reported in the literature (av 109 ppm) agree with the
033 values of Gy determined fowW-I andY-I. Therefore, the
lower 611 and higherd,, chemical shift for G, in Y-I may be
explained by the shorter G€0---H distance and stronger
intramolecular hydrogen bond M-I than inW-I.

The strong hydrogen bond M-I also results in highedi1
and oz, values for Gy than inW-I, whereas theész is again

hydrogen bonding, and the change in bond length (especia”yunaffected by the difference in hydrogen bonding. However, a

the C-Cl bond) affect the conjugation for the entire aromatic

(43) Bersohn, RJ. Chem. Physl954 22, 2078.

(44) Gu, Z.; Zambrano R.; McDermott, . Am. Chem. So4994 116,
6368.
(45) Facelli, J. C.; Gu, Z.; McDermott, AMol. Phys.1995 86, 4, 865.
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Table 4. Correlation between Experiment and Calculated Chemical Shift Principal Values

Strohmeier et al.

W-l a W-Ib Y- combined
one molec. three molec. one molec. three molec. one molec. three molec. one molec. three molec.
std. dev./ppm 8.2 6.0 8.6 5.9 5.7 4.5 7.3 5.3
slope —0.9530 0.9832 —0.9624 —0.9890 —0.9595 —0.9951 —0.9583 —0.9891
intercept/ppm 183.7 185.9 183.7 186.0 183.0 188.5 183.5 186.8
R? 0.9865 0.9931 0.9856 0.9934 0.9936 0.9962 0.9885 0.9941
aThe experimental and theoretical values for all three structures are correlated together.
systematic study of the effect of hydrogen-bond strength on the r 200
chemical shift principal values of alcohol carbons is not 3 Molecules ]
available. It is difficult to attribute other differences in the y= -g.;g};;ﬁ%.s 150
chemical shift principal values to specific structural differences Std. D;v_ ‘5_3 ppm -
between the two polymorphic forms, because of the extensive r
conformational differences and the lack of systematic investiga- 1 Molecule r 100
tions of the effect of conformation on the chemical shift principal y= '?R-2953§’; ;8}'83-5 o r

values.

The above analysis clearly shows that the chemical shift
principal values are very useful for the investigation of poly-
morphism, as they provide a more accurate characterization of
differences in conformation and intermolecular interactions such
as hydrogen bonding than the isotropic chemical shifts. Inves-
tigating the chemical shift principal values provides comple-
mentary data to X-ray methods, especially when the difference
between polymorphic forms constitutes of hydrogen bonding,

Chemical Shift Tensor Calculations.In Table 4 the slopes
and intercepts as well as the standard deviation are given for

data. The slopes—<0.9530 t0—0.9951), intercepts (183.0 to

Std. Dev. 7.3 ppm

O 1 Molecule
® 3 Molecules

o
=
Calculated Shielding /ppm

— Linear (3 Molecules) r -50
------ Linear (1 Molecule) E
T 71—t -100
300.0 250.0 200.0 150.0 100.0 50.0 0.0

Experimental Chemical Shift /ppm
the correlation of the various calculations with the experimental Figyre 6. Correlation between calculated shielding principal values

and experimental chemical shift principal values. The theoretical values

188.5 ppm), and standard deviations (4.5 to 8.2 ppm) of the are obtained with the B3LYP D95** method. The correlation is done

fits are close to those previously found for B3LYP D93%#7

The intercepts compare favorably with the calculated shielding combined.

of methane at the same level of theory and basis set (192.4
ppm) when properly adjusted to the TMS scale by subtracting

on the experimental and theoretical valueddf a, W-1 b, andY-I

Table 5. Calculated Chemical Shift Tensor Principal Values for
W-1 a, W-I b, andY-1 Using the B3LYP D95** Method on a

the 7 ppm difference between gas-phase methane and TMSstack of Three Molecules/ppm

resulting in an intercept of 185.4 ppthFigure 6 shows the

correlation plot between the experimental principal shift values
and the calculated shielding values using the B3LYP exchange
functional on a singl&V-1 a, W-1 b, andY-I molecule and on

stacks of three molecules. In Table 5 the converted chemical Y-I

shift principal values for the calculations on stacks of three

molecules are given to allow comparison with the experimentally .| a

determined chemical shifts.

The agreement between experiment and theory is improved Y-I

by increasing the size of the calculated system to a stack of

three molecules (Table 4). The molecules were chosen to includew-1 a

the intermolecular hydrogen bonds in the cas&vef. For Y-
where there are only weak intermolecular interactions, the

011 022 O33  Jiso 011 022 033 Oiso
Coz Ci
W-la 258.5 140.7 103.3 167.BN-la 187.3 150.2 40.7 126.1
W-lb 256.7 136.7 103.9 165.8VN-Ib 193.8 150.3 43.3 129.1
249.6 153.9 100.5 168.0v-I 175.5 143.3 25.5 114.8
Con Cue
211.7 155.2 59.4 142.1W-la 885 758 29 557
W-Ib 2144 154.6 60.2 143.1W-lb 883 76.9 25 559
222.0 170.3 59.5 150.6Y-I 86.2 665 24 517
Cal
184.0 131.6 53.2 123.0
W-Ib 189.7 132.3 53.0 125.0
Y-l 180.1 134.6 60.0 124.9

nearest neighboring molecules were chosen to obtain a similar

molecular arrangement (Figure 1). The correlation and the typical basis set superposition errors only account for changes
standard deviation between experiment and calculated valued€ss than 2 ppm in the componefits

for W-1 a and W-I b are considerably improved when the

In Figure 7 the improvement in the B3LYP D95** results

calculations are done on a stack of three molecules. Theobtained by including the hydrogen bonding is shown graphi-
correlation of the calculated data obtained on one molecule for cally, allowing for a more refined discussion of the observed
Y- already give a satisfactory correlation with the experimental improvements. Comparison of the calculations done on isolated
data, and the improvement in going to the three-molecule stackmolecules and stacks of molecules reveals that substantial

is considerably smaller than fow-l a and W-1 b. An

improvement of 5 to 16 ppm is achieved for those chemical

improvement due to basis set superposition cannot account forshift principal values i, anddz, of Cop) which are known to

the substantial better correlation observed\Wd a and W-I

be affected by intermolecular hydrogen bonding as encountered

b when the calculations are done on stacks of molecules, asin the white polymorphic form. In addition, an improvement of

7 and 10 ppm is achieved for tlig, values of Gy in W-I a

(46) Harper, J. K.; McGeorge, G.; Grant, D. M.Am. Chem. S04999
212 6488.

(47) Barich, D. H.; Orendt, A. M.; Pugmire, R. J.; Grant, D. 8 Phys.
Chem.A 200Q 104, 8290, and previous papers in series.

(48) Jameson, A. K.; Jameson, C.Ghem. Phys. Lettl987, 134, 461.

(49) Clementi, E.; Corongin, G.; Chakravorty, SNiodern Techniques
in Computational ChemistryClementi, E., Ed.; Escom: Leiden, 1990; p
343

(50) Facelli, J. CChem. Phys. Let200Q 322 91.
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20 methods. The fact that the calculated EFG changes by about
=M 0.4-0.6 MHz in y, and by about 0.070.13 iny, when the
ay-1 calculations are done on stacks of molecule, suggests that lattice
effects have a substantial effect on the EFG tensor and should
not be neglected. The large differences for the orientation of
the x andy principal axis with respect to the molecular frame
for W-I for different levels of theory and different system sizes
ED is due to the fact that the asymmetry is small and differences in
theory and system size have, therefore, a significant effect on
the orientation of the tensor. These differences, however, have
a small impact on the observed spectra, because of the relatively
small asymmetry.

15

10

Improvement /ppm
w
L

Core

-10

dil d22 d33 d11 d22 d33 d11 d22 d33 d11 d22 d33 di1 d22 433

Figure 7. Improvement achieved when the system size is increased Conclusions

from a single molecule to a stack of three. The improvement is defined  The carbon isotropic chemical shift values and the chlorine
;S(;Iel?uﬁ;?s"fm;\r;‘: ef\érci)ai To:f\(;uIoer;ep\r;?)i(epceljllzergaelrlr::i\(/:;rr:ﬁiﬂ electric field gradient (EFG) tensor information are extracted
P " . from the 3C MAS spectra, and the principal values of the

principal values obtained from B3LYP D95** calculations done on hemical shif f th b btained f 2D
one molecule. PV three molecules: Chemical shift principal values chemical shift tensors of the carbons are obtained from

obtained from B3LYP D95** calculations done on a stack of three FIREMAT experiments on two of the three known polymorphs
molecules. PV experiment: Experimentally determined chemical shift of dimethyl-3,6-dichloro-2,5-dihydroxyterephthalate. These solid-
principal values. state NMR parameters are shown to be very sensitive to the
changes in geometry, electronic structure, and hydrogen bonding
and W-1 b, respectively. In the yellow polymorphic form, between the two polymorphs. The same data are obtained from
however, no significant improvements for the chemical shift quantum chemical calculations of the chemical shift and the
principal values of any carbons, except the value of Gy, is EFG tensors. Th&C MAS isotropic chemical shift values are
obtained with the addition of the neighboring molecules, compared to isotropic chemical shifts of solutions of dimethyl-
implying that the intermolecular interactions are negligible.  3,6-dichloro-2,5-dihydroxyterephthalate in different solvents.
The calculated shielding values of carbons adjacent to chlorine Whenl is dissolved in nonpolar solvents, the isotropic chemical
are also strongly affected by the size of the calculated systemshifts are similar to those observed féfl . Solutions ofl in
in both polymorphic forms, but thé; value of G in the white polar hydrogen-bond-forming solvents have isotropic chemical
polymorph deteriorates recognizable. Considerably different shifts similar to the isotropic shifts oiV-I.
quadrupolar coupling constants are obtained for the isolated and Differences in the isotropic chemical shifts between the two
stacked molecules, indicating that the lattice substantially polymorphs from 1 to 9 ppm are observed, with the largest
influences the polarizable chlorine electron cloud (Table 3). The differences found for the carbon of the aromatic ring. However,
systematic uncertainty in the experimenta) Chemical shift the differences in the individual chemical shift tensor compo-
principal values, however, does not allow a highly refined nents exhibit better structural sensitivity and are more specific
interpretation. when conformational differences are investigated. For the ester
The improvement iW-1 is exceptional, because of the strong carbon, the isotropic chemical shift difference is only 1 ppm,
intermolecular interactions present. Hence, the agreementwhile the differences in thé;; ando, are each about 10 ppm,
between calculated and experimental chemical shifts may bebut in opposing directions. The difference in the chemical shift
substantially improved by explicitly including strong intermo-  tensor principal values for this carbon between the two forms
lecular interactions in the calculatiobis>4 is well understood in terms of the hydrogen-bonding interaction
EFG Tensor Calculations. The calculated tensors faW-| that is much stronger in the white form.
employing the B3LYP functional and a stack of three molecules ~ The calculations of the chemical shift tensor were completed
show good agreement with the orientations and values foundusing the X-ray geometries with adjusted-8 distances on
to give the best fit between simulation and recorded spectra both isolated molecules and on stacks of three molecules chosen
(Table 3). The values calculated fgrl, however, differ by a such that the intermolecular hydrogen bonding present in the
significant amount from the experimentally determined qua- white form was included. In going from a single molecule to
drupolar coupling constant and asymmetry. The agreementthe stack of three in the white form there was a significant
between experimental and theoretical data may be improvedimprovement in agreement between theory and experiment. For
by a correlation. However, a reliable correlation on extensive the yellow form, in which there are no significant intermo-
experimental and theoretical data is only available for MP2 lecular interactions, the two results were fairly similar. More
TZVP calculation$?® which are not feasible on the relatively —importantly, the improvement observed in the white form was
large stacks of three molecules lof found in those components of the ester carbon, which are known
The trends, however, observed for the differences betweento be sensitive to hydrogen bonding, and the of the Gon
the two forms in the quadrupolar coupling are reproduced by carbon.
the calculations for both the HF D95** and B3LYP D95** Due to the presence of the chlorine atoms in this molecule a
residual dipolar coupling betweeé®3"Cl and the neighboring
carbons is observed in th&C MAS spectra. The simulation of

(51) Orendt, A. M.; Facelli, J. C.; Grant, D. MLhem. Phys. Leti999

SO%Sg)gau, J. Z.; Facelli, J. C.; Alderman, D. W.; Pugmire, R. J.; Grant, the MAS spectra of both polymorphic forms gives accurate
D. M. J. Am. Chem. Sod.998 120, 9863. isotropic chemical shift values, data on the EFG tensors of the
11é5§)llggfe"" J. C.; Pugmire, R. J.; Grant, D. 81.Am. Chem. Sod996 chiorine and the dipolar coupling constants. Spectra were

(54) de Dios, A. C.; Oldfield, ESolid State NMRL99§ 6, 101. recorded at three different magnetic field strengths, and the

(55) Palmer, M. H.; Blair-Fish, J. AZ. Naturforsch.1998 533, 370. spectral parameters were varied to achieve an excellent fit on
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