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Solid-state 70 NMR spectroscopy is employed to characterize powdered samples of known monoclinic and
orthorhombic modifications of ’O-enriched triphenylphosphine oxide, PhsPO. Precise data on the orientation-
dependent 17O electric field gradient (EFG) and chemical shift (CS) tensors are obtained for both polymorphs.
While the O nuclear quadrupolar coupling constants (Cq) are essentially identical for the two polymorphs (Cq =
—4.59 £ 0.01 MHz (orthorhombic); Cq = —4.57 £ 0.01 MHz (monoclinic)), the spans (€2) of the CS tensors are
distinctly different (€2 = 135 £ 3 ppm (orthorhombic); Q = 155 + 5 ppm (monaclinic)). The oxygen CS tensor is
discussed in terms of Ramsey's theory and the electronic structure of the phosphorus—oxygen bond. The NMR
results favor the hemipolar o-bonded RsP*—0~ end of the resonance structure continuum over the multiple bond
representation. Indirect nuclear spin—spin (J) coupling between 3P and 'O is observed directly in 70O magic-
angle-spinning (MAS) NMR spectra as well as in 'P MAS NMR spectra. Ab initio and density-functional theory
calculations of the O EFG, CS, and J(®'P,}”0) tensors have been performed with a variety of basis sets to
complement the experimental data. This work describes an interesting spin system for which the CS, quadrupolar,
J, and direct dipolar interactions all contribute significantly to the observed O NMR spectra and demonstrates the
wealth of information which is available from NMR studies of solid materials.
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chemical shifts in solution is on the order of 2500 ppm with
phosphine oxides generally falling in the range of-200
ppm25-28 Overviews of’O nuclear quadrupolar coupling
constantsCg), which are very sensitive to the electric field
gradient (EFG) about th&’O nucleus, are availabfé:3!
Values of Co(*"O) range from less than 1.0 MHz (e.g.,
MoO4?") to greater than 15 MHz (e.g.,.8,).

The focus of this work is to characterize the anisotropic
oxygen NMR interaction tensors for the prototypal terminal
oxygen in the PO bonding environment in the solid state.
The 0O NMR spectra of the!P—1’0 spin pair in solid
triphenylphosphine oxide, BRO, should in principle provide
a rare opportunity where one must consider all four
fundamental NMR interactions simultaneously when carrying
out spectral simulations. For tFé&P—"0O spin pair, these
interactions are the following: (i) thé’0O quadrupolar
interaction; (ii) the'’O chemical shift interaction; (iii) the
direct dipolar coupling interaction betwe&i® and®'P; (iv)
the indirect nuclear spinspin () coupling interaction
between’O and®'P. Given the number of parameters which
will be indicative of the bonding environment at oxygen,
1’0 solid-state NMR spectroscopy should provide an im-
portant perspective on the nature of the phosphoeoxygen
bond, a topic of ongoing debat&*! While solid-state’'P
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NMR studies have been employed extensively to characterize
the PO bond of phosphine oxides, equivalent investigations
on the terminal partner are lacking. In principle, oxygen
should be better suited to investigate the nature of the PO
bond because, to a first approximation, its NMR properties
will be affected less by the substituents at phosphorus. In
practice, the experimental difficulties &0 solid-state NMR

as compared t&'P may have prevented such studies hitherto.

PhPO is known to exist as several different polymorphs
and pseudopolymorpfts“® and is also useful as a crystal-
lization aid for many organic compountéfsPolymorphism
refers to the ability of a compound to crystallize in more
than one distinct crystal structure, and pseudopolymorphism
refers to compounds which may crystallize with a water
molecule or other solvate incorporated into the crystal
structure®® The problem of crystal structure prediction (CSP)
from a molecular formula is rendered much more difficult
as a result of the possibility of polymorphisi®? Solid-
state NMR spectroscopy is an important tool for studying
polymorphs®#-6° This study aims to determine the sensitivity
of the EFG, CS, and tensors of a quadrupolar nucleus,
10, to polymorphism, namely in the orthorhombic and
monoclinic polymorphs of PRO. Furthermore, a qualitative
interpretation of the resulting NMR parameters will be
provided.

To supplement the experimental data, restricted Hartree
Fock (RHF), hybrid B3LYP density functional theory (DFT),
multiconfigurational self-consistent field (MCSCF), and
zeroth-order regular approximation (ZORA) DFT calcula-
tions of the oxygen nuclear magnetic shielding tensor, EFG
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Polymorphs of Triphenylphosphine Oxide

tensor, and the oxygetphosphorug coupling tensor have
been carried out.

Theory and Experimental Strategy

Under conditions of high-powéH decoupling, théP—
170 spin pair of PEPO may be considered as “isolated”. Four
NMR interaction tensors influence th€O NMR line
shape: the chemical shift tensér the indirect nuclear spin
spin coupling tensor), the electric field gradient (EFG)
tensor,V, and the direct dipolar coupling tens@, TheD
and J tensors also explicitly involve the spin-couplétP
nucleus. If only the symmetric parts a§ and J are

EFG tensor for’O. TheD andJ tensors are assumed to
share the same PAS in eq 4. In this study, this is a valid
assumption (vide infra). Slow-spinningfP MAS NMR
spectra also allow for the establishment of the relative signs
of Ref andJiso by analyzing the six subspectra resulting from
the interplay of*’P CS anisotropy anétP 'O dipolar and
indirect coupling$*

(iii) With the knowledge of the parameters listed in parts
i and ii, simulation of"O NMR spectra of stationary samples
provides the three principal components of the oxygen
chemical shift tensor as well as the orientation of this tensor
with respect to thé’O EFG tensor. The Euler angles j3,

considered, then each of these tensors may possess up tandy are used to define the counterclockwise (mathemati-

three unique principal component®ii, 022, 033, Ji1, Jo2
Jss. The span of the chemical shift tensor is definett as

Q =0, — 03 (1)
and the skew is defined as
_ 3(622 - 6iso)
== )

The isotropic valuesyis, and Jso, are simply the averages
of the principal components. Since tMetensor has zero

cally positive) rotations required to bring the PAS of the
EFG tensor into coincidence with the PAS of the CS tensor.
The angles is the simplest to visualize and simply represents
the angle between theaxes of the two coordinate systems.
(iv) Ab initio calculations of thed, V, andJ tensors, in
conjunction with the orientation information gained from the
stationary samples, allow for the proposal of absolute
orientations of all of the tensors in the molecular framework.
Information on the principal components.bfs also gained.
Knowledge of the principal components &fis important
due to the relationship betwed®p, the anisotropy inJ

trace, its magnitude is described by two parameters, the(AJ= Js3 — (Ji1 + J22)/2), and the effective dipolar coupling

nuclear quadrupolar coupling consta@t = eVzQ/h, and
the quadrupolar asymmetry parameter= (Vxx — Vyy)/
Vzz, whereVz; is the largest component of the EFG tensor.

TheD tensor also has zero trace and is axially symmetric in

constant observed in an NMR experimeRd: 5>

Rer= Rpp — AJ/3 (®)

the absence of motion and thus has a magnitude which mayEXPerimental and Computational Procedures

be denoted by the direct dipolar coupling constéat:

Rop = %% VeYollpo °0 3
Hereyp andyo are the magnetogyric ratios fé and*’O,
10.8394x 10" and —3.62808 x 10’ rad s* T1, respec-
tively.52 The motionally averaged inverse cube of the
phosphorusoxygen internuclear distance is given (o 3L
The definition of the orientation of each of the four

interaction tensors in the molecular framework requires

(i) Sample Preparation. The preparation of phosphine oxides
from the corresponding phosphines is generally straightforward;
however, if70O enrichment is required, it may be necessary to
modify existing procedures depending on the source(s}’©f
available?® In the present case,,B (37.5%'70, Isotec) was used
to introduce the label via hydrolysis of dibromotriphenylphospho-
rane, formed during the direct bromination of triphenylphospFine.
In a typical reaction, 1.5 g of triphenylphosphine was dissolved in
20 mL of dichloromethane, and the solution was cooled by stirring
in an ice bath. The stoichiometric amount of bromine, 0.91 g, was
dissolved in 20 mL of dichloromethane, and the solution was added

additional parameters. To define as completely as possibledropwise under continued cooling. Then, the solution was allowed

the magnitude and orientation of the oxygen NMR interaction
tensors §, V, D, andJ), four methods are combined.

(i) First, 7O NMR spectra of MAS samples yielik,, Co,
7, andJis, via analysis of the second-order quadrupolar line
shape of thé’O central transitioi® No orientation informa-
tion is gained.

(i) Second,*'P NMR spectra of MAS samples provide
the magnitude and absolute sign @§(*’O) through mea-
surement of the residual dipolar couplirdy®’

 3CqIRu

d=-=9 Vel

(3co$P — 1+ ysinf P cos %) (4)

Here,vsis the Larmor frequency dfO, R is the effective
dipolar coupling constant (eq 5, vide infra), amél and /3P
are polar angles which define the orientation of the dipolar
coupling tensor in the principal axis system (PAS) of the

to warm to room temperature and the labeled water was added
directly and stirred for 30 min. Initially, the water formed a separate
phase but disappeared quickly to give a clear solution. The
dichloromethane solution was then washed twice with a solution
of Na,CG; in regular water and, after separation of the layers, dried

(61) Mason, JSolid State Nucl. Magn. Resoh993 2, 285-288.

(62) Mills, I.; Cvitas T.; Homann, K.; Kallay, N.; Kuchitsu, KQuantities,
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101, 5463-5468.
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J. Magn. Resornl985 62, 284—297. (c) Grimmer, A.-R.; Neels, Z.
Anorg. Allg. Chem1989 576, 117-130.
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Grant, D. M., Harris, R. K., Eds.; Wiley Inc.: Chichester, U.K., 1996;
pp 1685-1695.
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1972; Vol. 3, Chapter 6.
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over MgSQ. The product was then crystallized from the dichlo- single-crystal X-ray diffraction studies were employed in the
romethane solution or, after removal of the solvent, from acetone. calculations. Carborhydrogen bond lengths were set to 1.08 A.
Samples were recrystallized from acetone to provide the mono- Restricted HartreeFock (RHF) theory and density functional
clinic polymorph and from dichloromethane to provide the orthor- theory (DFT) with the B3LYP functiond were used in the
hombic polymorph. In addition to redetermining the structures of calculations. Calculations of nuclear magnetic shielding tensors were
monoclinic and orthorhombic polymorphs by single-crystal X-ray performed using the GIAO (gauge-independent atomic orbitals)
diffraction, unit cell parameters were also routinely checked by method’? Locally dense basis sétsvere used in some cases. All
single-crystal X-ray diffraction on selected crystals after recrystal- basis sets (3-21G, 6-311G, 6-3#G*, 6-311++G**) were avail-
lization to confirm the identity of the particular polymorphs being able within the Gaussian package. Calculated oxygen nuclear
investigated by solid-state NMR spectroscopy. magnetic shielding tensors were converted to chemical shift tensors
(i) X-ray Crystallography. Triphenylphosphine oxide was  using our revised absolute shielding scale for oxytfemhereby
recrystallized from dichloromethane to yield a colorless needle  the following relationship is employed, with all quantities in ppm:
plate crystal having approximate dimensions of 0x10.17 x 0.27
mm. This sample, polymorph A, was found to crystallize in a 0=2875-0 ©®)
primitive orthorhombic cell, space grolgbca Lattice parameters

obtaineda = 11.273(6) A’_b =29.115(3) A, anct = 9.154(4) A, from the calculated largest EFG componéftz, by means of the
are in good agreement with those reported previotfsfy'® equationCqo = eVzzQ/h. Conversion ofVzz from atomic units to
Triphenylphosphine oxide was recrystallized from acetone to \v m-2 was carried out by using the factor 9.71%710% V m-—2
yield a colorless needle crystal having approximate dimensions of e au. The recommended value of the quadrupole mor@efiby
0.12x 0.17x 0.50 mm. This sample, polymorph B, was found o oyygen-17 is-25.58 mb7>76this value has been used in this work.

The nuclear quadrupolar coupling constadis, were determined

crystallize in a primitive monoclinic cell, space groBp,/c. Lattice MCSCF calculations of indirect nuclear spispin coupling
parameters obtained = 11.068(1) A,_b = 8.731(2) Ac = tensors were carried out using the Dalton Quantum Chemistry
16.274(1) A, ang8 = 107.919(6), are in good agreement with  prograni” running on a 43P model 260 IBM RS 6000 workstation.
those reported previousfy. The correlation-consistent basis sets of Dunffimyailable within

The X-ray crystal structures for both polymorphs indicate a single the Dalton program were employed. Because ab initio calculations
unique molecule in the asymmetric unit. Furthermore, crystal of J tensors require major computational resources, phosphine oxide
symmetry does not place any restrictions on the orientations or (HsPO), was used as a model system in many cases. The geometry
asymmetries of the NMR interaction tensors. All NMR spectra were qf phosphine oxide was optimized at the MP2/6-3G* level
interpreted with this knowledge in mind. using Gaussian 98. The optimized structure Bassymmetry, a

(iii) Solid-State NMR Spectroscopy. All solid-state NMR phosphorusoxygen bond length of 1.4918 A, a phosphetus
spectra were obtained at ambient temperature I8l solid-state hydrogen bond length of 1.41 A, and a4#—0O bond angle of
NMR spectra for polymorphs A and B were recorded using a one- 117.0. This structure is in good agreement with the RHF/6-31G**
pulse sequence with high-power proton decoupling on a Bruker and MP2/6-31G** optimized structures reported by Stewart and
AMX 400 spectrometerB, = 9.4 T, operating at a frequency of  co-workers’® The geometry of trimethylphosphine oxide was also
54.243 MHz. Spectra were referenced to #i® liquid water
(natural abundance) signal at 0.00 ppm. Relaxation delays of a few(70) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

seconds were employed. An MAS rate of 5.2 kHz was used to M. A.; Cheeseman, J. R.; Zakizewski, V. G.; Montgomery, J. A
ire 3000-4000 scans for both polymorphs of 4O packed Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
acquire VU SC polymorp pa A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
into 7 mm o.d. zirconia rotors. F6fO NMR spectra of stationary V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
samples, 40008000 scans were acquired. Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;

Phosphoru_s-31 MAS NMR spectra of polymorphs A and B were Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
recorded usig a 4 mm double-resonance MAS probe on a Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
Chemagnetics CMX Infinity 200 spectrometer operating at a 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. G.;

frequency o_f 81.02 MHz. A standard cross-polarization pulse Chen, W. Wong, M. W.: Andres, J. L.: Head-Gordon, M.. Replogle.
sequence with two-pulse phase modulated (TFPMjoton de- E. S.; Pople, J. A.Gaussian 98 revision A.7; Gaussian, Inc.:
coupling during acquisition was employed. A protef2 pulse of Pittsburgh, PA, 1998.

2.40 us, contact time of 3.7 ms, TPPM pulse length of G5 (71) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

acquisition time of 102.4 ms, and pulse delay of 120 s were used (72) ,g?%tggcgfl?:le’lai'my I.P?.hxsn.ﬁsgﬁeﬁz, 57332328711(2) gggll'fggégl ;

to acquire typically 5061000 scans at MAS rates of41 kHz. (73) (a) Chesnut, D. B.; Moore, K. IJ. Comput. Chenil989 10, 648—

All spectra were simulated using WSOLIDSan NMR simula- ?5?: (b) Cth%Srr]]ur?anéB'izufggiii???sli; Moore, K. D.; Egolf, D. A.
tion package developed in our laboratory which incorporates the (74) V.\/aSOyrITi]SpI‘llJe-n R'_e E- nyce’ D. Ll Chem. Phys2002 117, 10061

POWDER algorithm of Alderman et &. 10066.
(iv) Ab Initio Calculations. Calculations of EFG and nuclear (;gg ?l;ngholl?v PD-?'\AO||35;‘H 3 ;o%yfllghleglﬂ;)glzegg ?5)7;63& b7
: . : a) Pyykko P. Mol. Phys. , — . yykko P. Z.
magngtlc shielding tepsors were carried out using Gaussian 98 and Naturforsch.1992 47a 189196,
Gaussian 98W running on a 43P model 260 IBM RS 6000 (77) Helgaker, T.; Jensen, H. J. Aa.; Jargensen, P.; Olsen, P. J.; Ruud, K;
workstation or a Dell Dimension personal computer (Pentium llI, Agren, H.; Andersen, H. T.; Bak, K. L.; Bakken, V.; Christiansen,

; O.; Dahle, P.; Dalskov, E. K.; Enevoldsen, T.; Fernandez, B.; Heiberg,
550 MHz, 512 Mb RAM). Coordinates of P, O, and C atoms from H.. Hettema. H.: Jonsson, D.: Kirpekar, S.; Kobayashi, R.. Koch, H.-

Mikkelsen, K. V.; Norman, P.; Packer, M. J.; Saue, T.; Taylor, P. R.;

(67) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, Vahtras, O.Dalton: An electronic structure progranrelease 1.0;
R. G.J. Chem. Phys1995 103 6951-6958. 1997.

(68) Eichele, K.; Wasylishen, R. BYSOLIDS NMR Simulation Package (78) (a) Dunning, T. H., Jd. Chem. Physl989 90, 1007-1023. (b) Woon,
version 1.17.26; 2000. D. E.; Dunning, T. H., JrJ. Chem. Physl995 103 4572-4585. (c)

(69) Alderman, D. W.; Solum, M. S.; Grant, D. M. Chem. Phys1986 Woon, D. E.; Dunning, T. H., JiJ. Chem. Phys1993 98, 1358~
84, 3717+3725. 1371.
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optimized at the MP2/6-3HG* level using Gaussian 98. Two
different active spaces were used for the MCSCF wave functions.
Both calculations employCs symmetry. The first is based on a
complete active space (CAS) denoted 52/51, where the first two

numbers denote active orbitals dfaad & symmetry and the latter

two numbers denote the inactive orbitals 6faad & symmetry.

This CAS wave function is essentially analogous to a Hartree

Fock wave function. A larger restricted active space (RAS) wave Calc.

function denoted 52/52/00/51 was also used, where the four sets

of numbers denote RAS1, RAS2, RAS3, and inactive orbital$ of a

and & symmetry. All coupling mechanisms (Fermi-contact (FC),

spin-dipolar (SD), diamagnetic spiorbital (DSO), and paramag- Expt. *

netic spin-orbital (PSO)) were included in the calculations.
Relativistic DFT calculations af(3!P,1’O) were carried out using T | , T ,
the ZORA approach of Autschbach and Ziegfimplemented in 4 2 0 -2 4
the NMR spin-spin coupling modufé of the Amsterdam Density
Functional (ADF) packag®. These calculations were also carried ) ‘
out on the IBM workstation, with basis sets which are available tFr:gﬁ«raiyllbhosE;r?iiremcliirggzl()a(lgg 5?)2’;":éit;é'sg”Z'\/'e'g?ro':q"’('j';"chfggﬁrgthz‘;e
within the ADF p?‘Ckage' Th(? va+ Beckeg8*and Perdews® . (orthorhombic, polymorph A) acquired Bb = 9.4 T andvo = 5.2 kHz.
generalized gradient approximations (GGA) were used to determine A spinning sideband is indicated by the asterisk.
the unperturbed molecular orbitals, as described in reference 80.
Both ZORA scalar and spirorbit calculations were carried out.
All calculations included the relativistic analogues of the FC, SD,
DSO, and PSO coupling mechanisms.

Results and Discussion

(i) Solid-State NMR Spectroscopy.(a) Magic-Angle
Spinning NMR Shown in Figures 1 and 2 are the experi-
mental 'O NMR spectra of MAS samples of the two Calc
polymorphs oft’O-enriched P¥PO obtained at 9.4 T, along
with simulated spectra which employ the parameters given
in Table 1. These spectra providg,, the magnitude oCq,

17, and the magnitude ofis(**P, 1’0). The second-order Expt. *
quadrupolar interaction dominates the observed central 1/2
<~ —1/2 transition line shapes; however, indirect spipin ! ' ! ! '
coupling between oxygen and phosphorus is also clearly 4 2 0 -2 -4
evident in both of these spectra. This coupling manifests itself kHz

as a sharp splitting equal tds, about 150 Hz at the  Figure 2. Experimental and simulated’0 MAS NMR spectra of
discontinuities in the spectra. Discrepancies in the relative giiz?f”%f'mifhri]”g)%ﬁdﬁﬁfa;fi/%f‘?ﬁgyize_d ;rg”k‘;zcef:ein(r’:?r?”o'
intensities of the two main discontinuities of the POWAEr giqepand i inicated {;'y the asterisk. ror = 9.2 z. A Spining
patterns are attributed to the moderate MAS rate employed,

5.2 kHz.

The information obtained concerning the oxygen EFG
tensor,|Cq| = 4.59 MHz for the orthorhombic form and 4.57
MHz for the monoclinic form, may be compared to nuclear
quadrupole resonance (NQR) data reported by Brown an

Cheng at 77 K,|Cql = 4.683(2) MHZz88" Certainly
vibrational or librational effects on the EFG tensor as a result
of the reduced temperature used in these studies could be
dpartly responsible for the discrepancy-e2% #2888%Which
polymorph of PBPO that was studied via NQR is not
indicated; however, the reported nonzero asymmetry param-

(79) Stewart, E. L.; Nevins, N.; Allinger, N. L.; Bowen, J.P.Org. Chem.

1997 62, 5198-5207. eter (0.085(15)) suggests that it is not the orthorhombic form.
(80) (a) Autschbach, J.; Ziegler, 3. Chem. Phys200Q 113 936-947. iant- i i

(b} Autschbach. 3.. Ziegler. . Chem. Phy2000 113 9410-9418, Our ambient-temperature NMR studies T;’:lve provided values
(81) (a) Dickson, R. M.; Ziegler, TJ. Phys. Chem1996 100, 5286- of <0.01 and 0.030+ 0.002 for the!’O quadrupolar

ggggbgb)egzandogin, J.; Ziegler, Bpectrochim. Acta, Part A999 asymmetry parameters of the orthorhombic and monoclinic

(82) (a)ADF, version 2000.01; Theoretical Chemistry, Vrije Universiteit: forms, respectlvely. To our knOWIGdge' the Iargest experi-

Amsterdam; http://www.scm.com. (b) Baerends, E. J.; Ellis, D. E;

Ros, P.Chem. Phys1973 2, 41-51. (c) Versluis, L.; Ziegler, TJ. (86) Brown, T. L.; Cheng, C. Fraraday Symp. Chem. Sd®78 13, 75—

Chem. Phys1988 88, 322—-328. (d) te Velde, G.; Baerends, E.JJ. 82.

Comput. Phys1992 99, 84—98. (e) Fonseca Guerra, C.; Snijders, J. (87) Cheng, C. P.; Brown, T. LJ. Am. Chem. Sod98Q 102 6418~

G.; te Velde, G.; Baerends, E. Theor. Chem. Accl998 99, 391- 6421.

403. (88) Lucken, E. A. C. InAdvances in Nuclear Quadrupole Resonance
(83) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~ Smith, J. A. S., Ed.; John Wiley & Sons: Chichester, U.K., 1983;

1211. Vol. 5, Chapter 3.
(84) Becke, A. DPhys. Re. A 1988 38, 3098-3100. (89) Dunitz, J. D.; Maverick, E. F.; Trueblood, K. Mngew. Chem., Int.
(85) Perdew, J. PPhys. Re. B 1986 33, 8822-8824;1986 34, 7406. Ed. 1988 27, 880-895.
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Table 1. Oxygen-17 NMR Parameters for Solid Triphenylphosphine

Oxide
polymorph A, polymorph B,

orthorhombic (recryst monoclinic (recryst

from dichloromethane) from acetone)
disdppm 45.1+ 0.2 53.04+ 0.2
Q/ppm 135+ 3 155+ 5
K —0.76+0.03 —0.75+0.02
d11/ppm 130 150 [
Oz2/ppm 11 14 Calc.
d33ppm -5 -5
Co/MHz —4.594+ 0.01 —4.57+0.01
" <0.01 0.030+ 0.002 Expt.
a? b 66.5+ 3.5
p 86.5+ 0.5 86.3+ 0.5 L L B B
y 6.5+ 0.5 8.1+ 0.5 40 36 32 28 24 20 16
Reri/Hz —1800+ 100 —1800+ 50
JsdHz 150+ 20 150+ 20 ppm

Figure 3. Experimental and simulated® CPMAS NMR spectra of
triphenylphosphine oxidé‘O (30%) recrystallized from dichloromethane
(orthorhombic, polymorph A) acquired By = 4.7 T andv,ot = 11.0 kHz.

aThe Euler anglesy, 8, andy define the counterclockwise rotations
required to bring the PAS of the EFG tensor into coincidence with the PAS
of the CS tensor The anglex is undefined for an axially symmetric EFG
tensor.
1, nucleus spir-spin coupled to a quadrupolar nucleus with

mental 1’0 quadrupolar coupling constant is that for the anonzero EFG tensor have been discu8sé€f The intense
terminal oxygen nucleus in ozone-{9.96 MHz)% DFT peak in Figure 3 represents tho3® nuclei which are
calculations by Kaupp et al. predict similarly large values adjacent to zero-spin oxygen isotopes. Simulation of the
for dioxygen ligands bound to iron porphyrin model com- distortion of the multiplet in thé'P MAS NMR spectrum
plexes?! Values for carbonyl oxygen nuclei, which ave provides the residual dipolar coupling constahtisee eq
and -bonded to carbon, range from approximately 6.65 4), which indicates tha€qy(*’O) is negative, and confirms
MHz in thymineé® to 10.808 MHz in benzophenof&The the magnitude ofiso(3*P,’0). The3'P MAS NMR spectrum
smaller values ofCo(*’O) in PRPO are indicative of an  of a powder sample spinning sufficiently slowly, such that
oxygen environment which tends toward an isolated closed-several spinning sidebands of significant intensity are
shell oxygen atom, and therefore favors thePR-O~ observed, can yield information on the relative signfgf
resonance contributor. andJis, in the present case even without a detailed analysis.
On the basis of a comparison of the NMR parameters While the3P CS tensor can be determined separately from
available from thé’O MAS spectra, it is apparent that the the peaks of phosphorus coupled to NMR passive oxygen,
parameters)s, and» are the most sensitive to differences the subspectra resulting from couplingf® depend on the
in the two polymorphs. The chemical shifts, 453:10.2 ppm interplay of CS anisotropy with dipolar and indirect coupling,
for the orthorhombic form and 53.8 0.2 ppm for the resulting in subspectra that are squeezed or expanded relative
monoclinic form, are significantly different. The oxygen to the uncoupled phosphorffsin the case of P#O, the
chemical shift range for phosphine oxidesPB, is about high-frequency subspectra are squeezed, indicatingRthat
20—100 ppm?® thus, the difference for the two polymorphs andJs, have opposite signs. Under the assumption Raat
examined here is nearly 10% of the known range. With ~ Rpp, and hence is negative, the absolute sigrligfis
respect to the total known chemical shift range for oxygen, positive.
about 2500 ppn®2” the variation seen here is very small. Reports on indirect nuclear spiispin coupling (or “scalar”
The quadrupolar asymmetry parameters for the two forms, coupling) to the'’O nucleus have been discussed and
0.000 and 0.030, are significantly different. The nonzero summarized®?® The observation o coupling to oxygen-
asymmetry of the oxygen EFG tensor in the monoclinic form 17 is still considered somewhat rare due to rapid quadrupolar
may be readily detected by visual inspection of ff@@ MAS relaxation (self-decoupling) of tHéO nucleus in solutiot-?
NMR spectrum (Figure 2). ConverselZg and Js, are and broad lines dominated by the quadrupolar interaction in
essentially identical for the monoclinic and orthorhombic the solid state. Nevertheless, phosphine oxides and related
forms. Thus, the latter parameters do not appear to be useful
for distinguishing between polymorphs in this case. (94) yaeﬁngégée; Frey, M. H.; Opella, S.I. Chem. Phys1982 77,
Shown in Figure 3 are the experimental and simuldted 413896, .
spectra of a MAS sample of EPO+70 (30%) (orthorhombic (99) S(';Vge;" A- C.; Frydman, L. Diaz, L EJ. Magn. Resonl 987 75,
form; monoclinic form not shown). The theory and experi- (96) Olivieri, A.; Frydman, L.; Grasselli, M.; Diaz, IMagn. Reson. Chem.
mental examples pertaining to the MAS spectra of a spin- @7) gﬁ?eﬁ?'/flg fl,sl'agn Reson1989 81, 201—205.
(98) (a) Grasselli, M.; Diaz, L. E.; Olivieri, A. CSpectrosc. Lett1991

(90) Cohen, E. A.; Pickett, H. M]. Mol. Struct.1983 97, 97—100.
(91) Kaupp, M.; Rovira, C.; Parrinello, Ml. Phys. Chem. R00Q 104

5200-5208.

(92) Wu, G.; Dong, S.; Ida, RChem. Commur2001, 891—-892.
(93) Scheubel, W.; Zimmerman, H.; Haeberlen JUMagn. Resorl985

63, 544-555.
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24, 895-907. (b) Eichele, K.; Wasylishen, R. Bolid State Nucl.
Magn. Reson1992 1, 159-163. (c) Gan, Z.; Grant, D. Ml. Magn.
Reson.199Q 90, 522-534.

(99) Harris, R. K.; Olivieri, A. C.Prog. NMR Spectrosd.992 24, 435—
456.

(100) Eichele, K.; Wasylishen, R. Ehorg. Chem1994 33, 2766-2773.
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compounds tend to give narrow enough lines in many cases
in solution for XJis,(3'P, ’0O) to be observed3>101.102The
result obtained here, 158 20 Hz, is typical of known
solution 1J,s,(3'P, 70) values, which range from 81 Hz in
PhHP(O)OH to 220 Hz for the terminal oxygen atom in
(HsCO)XLP(O)H? Solution NMR spectroscopy of BRO
dissolved in chloroforn®; gives a value of 166 2.4 Hz Calc.

Expt.

T T T T T T T

for LJ(3*P, 170)s0.1%% Direct interpretation of thd coupling

to give definitive information about the nature of the bonding
between oxygen and phosphorus in phosphine oxides is
difficult due to the complicated formulations of the Hamil-
tonians representing the various mechanisms contributing to 12 8 4 0 4 -8 -12
the totald tensor. For example, there is no direct relationship KHz

between the magnitude of the coupling and bond length/
Figure 4. Experimental and simulatedO NMR spectra of a stationary

SIrength; thl(i_ll?)ﬁeSpeCIa”y evident for CPUplmgs mVOIVIng sample of triphenylphosphine oxidé (37.5%) recrystallized from dichlo-
phosphorug’ Nevertheless, a comparison of the reduced romethane (orthorhombic, polymorph A) acquiredBat= 9.4 T.

isotropic coupling constant& (=4z2J/hyjyy), for directly
bonded*C—*H (3.3 x 10?*° N A~2 m2in alkanes)3'P—'H
(3.9 x 10°° N A~2 m 2 in phosphane)®*C—-1"0 (—5.4 x

10°° N A2 m~2 in acetone), and*P—"0 (—22.7 x 10%°

N A=2 m2 in PrPO) spin pairs demonstrates the dispro-

portionately large reduced coupling for phosphorus and

oxygen. However, the reduced isotropic chlorioxygen

coupling constant in the perchlorate anion is even later,

—53.5x 10°°N A~2m3, A further discussion of the nature Calc.

of the phosphorusoxygen coupling tensor is presented in

the context of theoretical calculations (vide infra). Expt
(b) NMR Spectroscopy of Stationary Powder Samfles :

170 NMR spectra of stationary powdered samples of orthor- | | | I | . ]
hombic and monoclinic RRO (37.5%'70) are shown in 12 8 4 0 -4 -8 12
Figures 4 and 5, respectively. Some loss of intensity due to kHz
nonuniform spectral excitation, especially for the monoclinic Figure 5. Experimental and simulatedO NMR spectra of a stationary
form (Figure 5), is evident near the high-frequency discon- sample of triphenylphosphine oxidé (37.5%) recrystallized from acetone
tinuities. Nevertheless, accurate extraction of the NMR (monoclinic, polymorph B) acquired & = 9.4 T.
parameters is ensured by simulation of the positions of the
spectral features along the frequency axis. In fact, the orthorhombic polymorph with all parameters as given in
simulations of these spectra proved to be extremely sensitiveTable 1, except for the angjewhich is varied in small steps.
to the relative orientations of the CS and EFG tensors; this Similarly in Figure 6b, the effect of varying the angleipon
is exemplified by the smalll errors in the Euler angles reported simulated spectra of the monoclinic polymorph is shown.
in Table 1. The angle. is undefined for an axially symmetric  This series of simulated spectra is provided as additional
EFG tensor, as is the case for the orthorhombic polymorph. evidence for the high precision to which tH& NMR

The pronounced sensitivity of the simulaté® NMR interaction tensors have been determined for both polymorphs
spectra of stationary powdered samples to the relative (Table 1).
orientations of the oxygen CS and EFG tensors is demon- While the skews of the CS tensors are identical for the
strated with selected examples in Figure 6. Shown in Figure two polymorphs {0.76), and clearly not axially symmetric
6a is an expanded region of simulated spectra for thein contrast to the EFG tensors, the spans are significantly
different. The oxygen CS tensor spans, 135 and 155 ppm,
(101) Harris, R. KNuclear Magnetic Resonance Spectroscopy: A Phys- are much smaller than those for carbonyl oxygen nuclei in
02y o g o e 3504 O1ganic compounds. For example, the span of the oxygen

2848-2856. CS tensor in benzophenoA®, as determined by single-

(103) ggg‘gggsiga- 315F5:—e&)3/21§iA'; Bruzik, K.; Tsai, M-DAm. Chem.  ¢rystal NMR, is 1062 ppr3 Recent studies by Wu and co-
(104) Eichele, K.; Wasylishen, R. E.; Schurko, R. W.; Burford, N.; Whitila, Workers on powdered samples have shown that the span of
109 oo, e STy Coanaton 11, 00/9%0,CS fensor n amids generally anges rom 500
(09 Phosghorus éhe-miswgegitz, M., Scherer, O. J., Eds.; G. Thieme to 630 ppmi®*+%although intermolecular hydrogen bonding

Verlag: Stuttgart, Germany, 1990; pp 46871.
(106) Gorenstein, D. G. IRhosphorus-31 NMR: Principles and Applica-  (108) Wu, G.; Yamada, K.; Dong, S.; Grondey,HAm. Chem. So2000Q

tions Gorenstein, D. G., Ed.; Academic Press: New York, 1984; 122 4215-4216.
Chapter 2. (109) Yamada, K.; Dong, S.; Wu, G. Am. Chem. So200Q 122 11602~
(107) Alei, M., Jr.J. Chem. Phys1965 43, 2904-2906. 11609.
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Y J+D
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88.3°
86.3°
84.3°

O -
<Hz Hy J+D+CS+V

Figure 6. Examples of the pronounced dependence of the simutd&d

line shape on the relative orientations of the CS and EFG tensors. (a)
Selected region of simulatefO NMR spectra of the orthorhombic
polymorph of PBPO (see Figure 4) based on the parameters given in Table
1, with the Euler angles varied from 4.5 to 8.5 is shown. The middle
spectrum,y = 6.5°, gives the best fit to the experimental spectrum. (b)

Selected region of simulaté@ NMR spectra of the monoclinic polymorph 15 10 5 0 -5 -10

of PhsPO (see Figure 5) based on the parameters given Table 1, with the

Euler angles varied from 84.3 to 883 is shown. The middle spectrum, [kHZ]

S = 86.3, gives the best fit to the experimental spectrum. A similar

sensitivity is also seen corresponding to the arbfer the orthorhombic Figure 7. Simulated’0O NMR spectra of the monoclinic polymorph of
form and corresponding to the angl€or the monoclinic form (Table 1). PhsPO showing the individual contributions of indirect and dipolar coupling

Vertical lines which pass through the discontinuities corresponding to the (J + D), chemical shift anisotropy (CS), and quadrupolar couplMyt6
experimental spectra serve to emphasize the sensitivity of the simulatedthe static NMR line shape (bottom trace).
spectra to the angle variation.

has been shown to lower this to 270 ppm in thynfih@iven The differences between the terminal oxygen CS tensors
the lack of such hydrogen bonding to oxygen insf@, it for carbonyl groups and phosphine oxides may be understood
seems that the values 6f for terminal PO oxygen nuclei  in the context of Ramsey’s theory of nuclear magnetic
are intrinsically lower than those for termina=D oxygen shieldingt****?which decomposes the total shielding tensor
nuclei. Ab initio calculations carried out by Power suggest into diamagnetic %) and paramagneticof) parts. The
this conclusion as well; the small span for the phosphine paramagnetic contribution, usually negative, is typically
oxides was taken as an indication of a lack of multiple responsible for observed changes in chemical shifts for a
bonding character for the phosphorus and oxygen atéms. given nucleus. The magnitude of depends on magnetic
The isotropic oxygen chemical shifts of the two polymorphs, dipole-allowed mixing between the highest occupied mo-
45.1 ppm (orthorhombic) and 53.0 ppm (monoclinic), may lecular orbitals (MO) and low-lying virtual MOs with large
also be contrasted with those of carbonyl compounds, which contributions from the atomic orbitals of the atom of interest.
range from~350 to 600 ppni® Furthermore, the magnitude of is inversely related to the
To demonstrate how the individual NMR interactions energy gap between the relevant occupied and virtual orbitals,
contribute to the observed statifO NMR spectrum, we  with a smaller energy gap leading to larger paramagnetic
show in Figure 7 the spectra that would arise for indirect deshielding. The required mixing may be visualized as
and dipolar coupling, CS, or quadrupolar interaction alone, rotations of an occupied orbital about one of the three
as well as the sum of all contributions, using in each case Cartesian axes to produce constructive overlap with an
the parameters for the monoclinic polymorph quoted in Table appropriate virtual MO.
1. Note that the total line shape has no resemblance to any The oxygen chemical shift tensor in carbonyl compounds
of the individual contributions; i.e., the spectrum is not is dominated by a significant paramagnetic contribution
dominated by any single interaction. Accurate and precise which is usually attributed to magnetic-dipole-allowed
determinations of the contributions due to each of the
individual interactions is made possible through the system- 111y Ramsey, N. AVolecular BeamsOxford University Press: London,

atic experimental strategy outlined above. 1956; pp 162-166, 208-213.

(112) (a) Ramsey, N. Rhys. Re. 195Q 77, 567. (b) Ramsey, N. Rhys.
Rev. 195Q 78, 699-703. (c) Ramsey, N. FPhys. Re. 1951 83,

(110) Power, W. PJ. Am. Chem. S0d.995 117, 1800-1806. 540-541. (d) Ramsey, N. FPhys. Re. 1952 86, 243-246.

5092 Inorganic Chemistry, Vol. 42, No. 17, 2003



Polymorphs of Triphenylphosphine Oxide

provides some insight into the magnitude and sign of the
anisotropic portion of the indirect nuclear spispin coupling
tensor AJ. For the monoclinic form, the phosphorusxygen
bond length of 1.485(2) & results inRop equal to—2016

+ 9 Hz. Motional averaging of about 11% would be required
to fully account for the reduction oRpp to —1800 Hz.
Averaging ofRpp due to vibrational and librational motion
in organic solids is known to be generally-4%!1¢-12! at

20 °C. On the basis of eq 5 and motional averaging on this
order of magnitudeAJ is estimated to be-588 to —406

Hz. These values are in good agreement with ab initio
calculations presented in the following section (vide infra).
A greater degree of motional averaging would reduce the
apparent magnitude @J. Regardless of the exact amount
of vibrational averaging, the reduction Rpp (rather than
increase) indicates a negative value Aar and suggests an
upper limit on the order of-600 Hz.

_ o of h -  <hield (if) Ab Initio and DFT Calculations: Comparison of
iy e e mension e o o oy Theory and Experimen. (2) Oxygen-L7 EFG and CS
shielding tensor in LCO is known to be strongly influenced by magnetic ~ 1€Nnsors The results of restricted Hartre&ock (RHF) and
dipole allowed n— 7* mixing, which results in the strong paramagnetic nonrelativistic DFT/B3LYP calculations of tHéO CS and
deshielding particularly ofoy, as shown here. In contrast, all three  FEG tensors are summarized in Tables 2 and 3 for the
components of the oxygen shielding tensor i lack a significant . .. .
paramagnetic contribution due to the lack of low-lying virtual orbitals of Orthorhombic and monoclinic forms of FPO, respectively.
appropriate symmetry. See text for further discussion. Also shown for comparison are the experimentally measured

parameters determined in the present solid-state study. One
n— z* mixing.*** This mixing results in a particularly large  striking aspect of the calculations is the lack of quantitative
deshielding along the €0 bond axis. Experimental data  agreement between the experimental and theoretical values
for the oxygen shielding tensor of formaldehyde, available of the170 quadrupolar coupling constant. This is true of both
from spin-rotation tensor measuremetits;'>are presented  polymorphic forms. While the experimental values are both
in Figure 8. The span of the oxygen shielding tensor in gpproximately—4.6 MHz, all of the calculated values are
formaldehyde is 1530 ppm. In contrast, all three experimental significantly larger in magnitude than this. For both the RHF
principal components of the oxygen shielding tensor for gnq DET methods, the value @k, generally decreases as
PhPO are very close to the free atom value for oxygen, 395.1 the size of the basis set is increased. Still, for an RHF
ppm.® Comparison of the most deshielded components of cajcylation with the 6-314+G** basis set on all atoms,

the oxygen shielding tensors, as well as their overall spans,ihe calculated value of6.13 MHz is 33% larger than the
in formaldehyde and BRO, indicates immediately a distinct  experimental value of-4.6 MHz.

lack of significant paramagnetic contributions to the shielding
tensor in the case of BRO. This may be attributed to a lack
of availability of low-lying virtual orbitals of appropriate
symmetry (e.g.z* orbitals) with significant AO contribu-
tions from oxygen. This in turn provides some insight into

An increasingly common practice in the literature is the
use ofcalibrated?’O nuclear quadrupole momerif§;}22124
instead of the accepted experimental value-@5.58(22)
mb.’57® This method supposedly allows for the accurate
! X X calculation of oxygen-17 nuclear quadrupolar coupling
the electronic structure of the PO bond and in particular lends . \ants even at modest levels of theory. Nevertheless, even
support to the polarized singly-bonded BP*—~O~ end of . 5in4 5ne of the smallest calibrated values@rO) (—22.9
the resonance continuum. This is in agreement with the 1) for RHF/3-21G calculation®F still results in aCo which
conclusions of Rai and Symo#s,Dobado et al*! and 5 g\ hetantially greater than the experimental value, e.g.,

o ; .
Chesnug ,Who propose that.a single polar!zeﬁbond, —7.20 MHz (calcd) vs-4.57 MHz (exptl) for the monoclinic
RsPt—0", is the most appropriate representation. Neverthe-

less, the present_results.do not conclusively rule out a small(lm Cameron, T. S. Unpublished results.
degree ofr bonding as is advocated by e.g., Sandblom et (118) Ishii, Y.; Terao, T.; Hayashi, §. Chem. Phys1997 107, 2760~

39 2774,
al> and Se.e et & . . . (119) Carravetta, M.; Eden, M.; Johannessen, O. G.; Luthman, H,;

A comparison of the observed effective dipolar coupling Verdegem, P. J. E.; Lugtenburg, J.; Sebald, A.; Levitt, MJHAM.
constantRe = —1800 Hz, with the direct dipolar coupling Chem. Soc2001, 123 10628-10638.

; (120) Ishii, Y.J. Chem. Phys2001, 114, 8473-8483.
constant,Rpp, determined from the X-ray bond length (121) Case, D. AJ. Biomol. NMR1999 15, 95-102.

(122) Eggenberger, R.; Gerber, S.; Huber, H.; Searles, D.; Welked, M.

(113) Schindler, M.; Kutzelnigg, WI. Chem. Physl982 76, 1919-1933. Mol. Spectrosc1992 151, 474-481.
(114) Cornet, R.; Landsberg, B. M.; Winnewisser, JsMol. Spectrosc. (123) (a) Ludwig, R.; Weinhold, F.; Farrar, T. G. Chem. Phys1995
198Q 82, 253-263. 103 6941-6950. (b) Ludwig, R.; Weinhold, F.; Farrar, T. Q.
(115) Jameson, C. J. l8pecialist Periodical Report&Vebb, G. A., Ed.; Chem. Phys1996 105 8223-8230.
Royal Society of Chemistry: London, 1989; Vol. 18, Chapter 1. (124) De Luca, G.; Russo, N.;Ister, A. M.; Calaminici, P.; Jug, KMol.
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Table 2. Ab Initio Calculations of the Oxygen Electric Field Gradient and Nuclear Magnetic Shielding Tensors in Orthorhombic Triphenylphosphine
Oxide (Polymorph A)

method basis set Co/MHz n gisdppm Jisd/ppm Q/ppm K
RHF 3-21G —8.28 0.02 327.7 —40.2 203 —0.84
RHF 6-311G —10.7 0.02 339.5 —52.0 249 —0.74
RHF 6-31HG* —6.41 0.02 290.3 -2.8 139 —0.59
RHF 6-31H+G** on all atoms —6.34 0.02 284.0 35 143 —0.60
DFT/B3LYP 3-21G —7.19 0.01 270.2 17.3 243 —0.84
DFT/B3LYP 6-311G —9.55 0.01 273.0 14.5 277 —0.75
DFT/B3LYP 6-31H-G* —5.99 0.01 250.0 375 173 —0.60
DFT/B3LYP 6-31H+G** on all atoms —5.95 0.01 242.4 45.1 180 —0.53
expt —4.59+ 0.01 <0.01 242.4 451 0.2 135+ 3 —0.76+ 0.03

aBasis sets were applied to phosphorus, oxygen, and the carbon atoms directly bound to phosphorus. The 3-21G basis set was used on all remaining
atoms unless otherwise indicated.

Table 3. Ab Initio Calculations of the Oxygen Electric Field Gradient and Nuclear Magnetic Shielding Tensors in Monoclinic Triphenylphosphine
Oxide (Polymorph B)

method basis set Co/MHz 7 aisdppm disd/ppm Q/ppm K
RHF 3-21G —8.04 0.05 321.6 —34.1 214 —0.99
RHF 6-311G —10.5 0.05 331.9 —44.4 273 —0.87
RHF 6-31H-G* —6.17 0.05 280.1 7.4 167 —0.78
RHF 6-31H+G** on all atoms —6.13 0.05 275.2 12.3 169 -0.77
DFT/B3LYP 3-21G —6.95 0.04 259.6 27.9 263 —0.97
DFT/B3LYP 6-311G —9.27 0.04 260.1 27.4 310 —0.88
DFT/B3LYP 6-31H-G* —5.74 0.05 235.8 51.7 208 —0.79
DFT/B3LYP 6-31H+G** on all atoms =5.70 0.05 228.2 59.3 211 —0.80
expt —4.57+0.01 0.030t 0.002 234.5 53.&0.2 155+ 5 —0.75+ 0.02

aBasis sets were applied to phosphorus, oxygen, and the carbon atoms directly bound to phosphorus. The 3-21G basis set was used on all remaining
atoms unless otherwise indicated.

form of PPO. Thus the experimental value @fwhich we the relatively small difference in the experimental chemical
have employed is not likely a major cause for the observed shifts for the two polymorphs, about 8 ppm. The span of
discrepancy between the experimental and calculated valueghe oxygen chemical shift tensor is calculated with reasonable
of Cq. Most of the discrepancy probably arises from accuracy for both polymorphs; e.g., at the RHF/6-8315**
intermolecular effects in the solid state. To our knowledge, level, the span is calculated to be 143 ppm for the
no experimental gas-phase valueGaf(*’O) is available for orthorhombic form, compared with the experimental value
any phosphine oxides; a microwave study o8 with’O of 135+ 3 ppm. Importantly, the calculations consistently
in only natural abundance (0.038%) has been carried?@ut. predict a larger span for the monoclinic form, as is the case
All the calculations reported herein are for isolated mol- experimentally. The skew of the oxygen CS tensor, about
ecules; thus, a direct comparison with the experimental solid- —0.75 for both polymorphs, is reproduced with good
state data is not expected to give quantitative agreement.accuracy by all of the calculations. For example, the B3LYP
Nevertheless, the small but significant differenceyirfior calculation with the 6-311G basis set gives a value-6f75

the two polymorphs€0.01 vs 0.030) is reproduced by the for the orthorhombic form and-0.88 for the monoclinic
calculations. The calculated valuemfs consistently larger  form.

for the monoclinic form, regardless of the method and basis The absolute orientations of tHéO CS tensors in the

set used. We note that a recently measured highly precisemglecular framework, for both polymorphs, determined at
value of Co(*O) for carbon monoxide may lead to an  the RHF/6-31%+G** level, are depicted in Figure 9. For
improved value of thé’O nuclear quadrupole mometi.  the monoclinic form, the orientation of the EFG tensor is
Use of our recently revised experimental oxygen absolute also shown. Since the asymmetry of the EFG tensor for the
shielding scal& enables the comparison between calculated orthorhombic form is zero, théxx andVyy components are
nuclear magnetic shielding constants and experimentalequal and their orientations in the plane perpendicular to the
chemical shifts. The agreement between the experimentalPO bond are meaningless. The calculated Euler angles which
and calculated isotropic chemical shifts shown in Tables 2 define the rotations required to bring the PAS of the EFG
and 3 is very good for both polymorphs. In particular, the tensor into coincidence with that of the CS tensor are as
B3LYP/6-311+G** calculations perform very well. Itis  follows: o = 66.5, 8 = 84.1°, y = 5.9° (monoclinic);3 =
satisfying that both the RHF and DFT calculations consis- 86.6°, y = 6.8° (orthorhombic). In both cases, tlde; and
tently indicate that the monoclinic form should exhibit a V,, components are approximately along the phospherus
larger isotropic chemical shift, which it does, especially given oxygen internuclear axis. It is possible to compare the
experimental and calculated relative orientations of the EFG

(125) 9A1h7mad, I. K.; Ozeki, H.; Saito, 8. Chem. Phys1999 110, 912~ and CS tensors by comparing the Euler angles reported in
(126) Caizoli, G.; Dore, L.; Puzzarini, C.; Beninati,Fys. Chem. Chem. Table 1 W'th the calculated values glver.1 ak?ove- The
Phys.2002 4, 3575-3577. agreement is very good for all of the angles. Direction cosines
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Figure 9. Calculated (RHF/6-31L-+G**) orientations of thé"’O chemical

shift tensors for monoclinic and orthorhombic triphenylphosphine oxide.
Also shown is the orientation of th€O EFG tensor for the monoclinic
polymorph. The molecules are oriented such that theOPbond is
perpendicular to and above the plane of the page. In both cased;ithe
and Vzz components are approximately along the® internuclear axis
and thus the remaining components lie approximately in the plane of the
page. Theipso carbon atoms are labeled according to the scheme of

reference 42. The Euler angles required the bring the PAS of the EFG tensor

into coincidence with the PAS of the CS tensor at this level of theory are
the following: o = 66.5’, f = 84.1°, y = 5.9 (monoclinic); 3 = 86.6",
y = 6.8 (orthorhombic). See the Supporting Information for further details.

Table 4. Ab Initio and Density Functional Theory Calculations of
J@Ip 170) in Phosphine Oxidé@s

Jiso(31PFO) AP O)/
Hz

method basis set Hz

DFT/ZORA (scalar) GGA ADF-ZORA IV +231 —274
DFT/ZORA (scalar) GGA ADF-ZORAV +232 —279
DFT/ZORA (scalar) GGA ADF-ZORAV +214 —248
DFT/ZORA (scalar) GGA ADF-ZORAV  +205 —236
DFT/ZORA (spin-orbit) GGA ADF-ZORA IV +230 —272
DFT/ZORA (spin-orbit) GGA ADF-ZORAV +231 —278
MCSCF CAS (52/51) cc-pVvTZ +193 —306
MCSCF CAS (52/51) aug-cc-pVTZ +154 —294
MCSCF CAS (52/51) cc-pvVQz +181 -311
MCSCF RAS (52/52/00/51)  cc-pVTZ +172 —254
MCSCF RAS (52/52/00/51) aug-cc-pVTZ +138 —240
MCSCF RAS (95/52/00/51)  cc-pVTZ +184 —252
expt 81-220

expt (PRP0 in solid state) +150+ 20 (<—600y

a All calculations were done on4RO at the MP2/6-31:£G* optimized
geometry unless otherwise indicatéCalculation on (CH)sPO at the MP2/
6-311+G* optimized geometry¢ Calculation on P¥PO using atomic
coordinates from the X-ray structure for the monoclinic fofinown range
of 1iso(3P, 170) values. Estimated upper limit. See text.

relating the calculated tensor orientations to the orthogonal-
ized crystal frames are available as Supporting Information.

(b) PhosphorusOxygen Indirect Nuclear SpifSpin
Coupling Tensar Shown in Table 4 are the results of
MCSCF and DFT calculations of the phosphorasygen
indirect nuclear spirspin coupling tensotJ(3'P, 1’O) for
phosphine oxide, HPO. Some values are also presented for
trimethylphosphine oxide and EPO (monoclinic). All of
the MCSCF values ajis, are in reasonably good agreement
with the experimental value for the solid triphenylphosphine
oxide polymorphs;+150 4+ 20 Hz. Furthermore, all values
lie within the known range of values fakso(**P1’O) in

phosphine oxides and related systems containing a termina

P—O moiety, 81220 Hz. In addition to providing a positive
isotropic value ofl, the calculations also furnish the complete
tensor properties, i.eAJ, n;, and the orientation of thé
tensor in the molecular framework. Both the MCSCF and
DFT calculations predict a value fakJ of around —300

Hz; all of the values in Table 4 lie within the experimental
range estimated in the previous section. The calculated value
of n, is 0.00 for all calculations on 4PO; this is required

on the basis of th€;, symmetry about the PO bond axis.
Both the MCSCF and DFT calculations show that the FC
mechanism is the largest contributor 3¢*P70); e.g., it
accounts for 75% of the coupling at the RAS/aug-cc-pVTZ
level. The PSO mechanism is the next most important
contributor; for example, 24% at the RAS/aug-cc-pVTZ level
and 16% for the DFT calculations. The overestimation of
Jiso by the DFT calculations compared to the experimental
data and the MCSCEF calculations arises from an overestimate
of the ZORA combined FG- SD contribution. Both methods
indicate that the SD and DSO mechanisms contribute very
little to the calculated coupling tensor.

Conclusions

This study has provided a definititéO solid-state NMR
characterization of the oxygen environment in two tri-
phenylphosphine oxide polymorphs. In particular, the oxygen
chemical shift tensor, as well as the quadrupolar asymmetry
parameter, is found to be especially indicative of polymor-
phism. In contrast, thé’0O nuclear quadrupolar coupling
constants are identical within error for the monoclinic and
orthorhombic modifications. In general, CS tensors are most
sensitive to the local environment while EFG tensors are
much more dependent on long-range effects. On this basis
it is tempting to suppose that the quadrupolar parameters
should be more sensitive to polymorphism than the CS
tensor; nevertheless in the present study the opposite is true.

The relatively small span of the oxygen CS tensor and
highly shielded isotropic chemical shift are due to a lack of
significant paramagnetic contributions to the shielding tensor,
which in turn is due to a lack of low-lying virtual orbitals of
appropriate symmetry. Such a situation could arise in the
absence of significant-bonding between phosphorus and
oxygen. The oxygen CS tensor, as well as the small
(compared to carbonyl oxygen$)O nuclear quadrupolar
coupling constant, therefore tends to favor the polarized
singly o-bonded representation of phosphine oxides,
RsP*—O~. This view is also bolstered by the large dipole
moments observed for phosphine oxides (e.g., 4.39 D in
(CH3)sPO)?” compared to, e.g., formaldehyde (2.33 D).

In general, ab initio and DFT calculations of tH® EFG
and nuclear magnetic shielding tensors reproduce the dif-
ferences seen experimentally between the two polymorphs.
In combination with the experimental data, the calculations
also allow for the proposal of the absolute orientations of
the EFG and CS tensors in the molecular framework. New
insights into the properties of ti¢*'P 1’O) tensor have been
provided by high-level ab initio and DFT calculations.
Importantly, the calculations suggest that the magnitude of
IAJ is greater than the isotropic coupling constant. The large
anisotropy inJ arises primarily from the Fermi-contact
spin-dipolar coupling mechanism, with contributions from

(127) Armstrong, R. S.; Aroney, M. J.; Le fie, R. J. W.; Pierens, R. K;
Saxby, J. D.; Wilkins, C. JJ. Chem. Soc. A969 2735-2739.
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