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The orientation dependence of aluminum chemical shielding is shown to vary from a few ppm in distorted
octahedral complexes to more than 400 ppm in linear molecules. The analysis of soligfAtatéMR

spectra of tris(acetylacetonato)aluminum(lll), Al(agaahd tris(tropolonato)aluminum(lll), Al(trop)obtained

at three different applied magnetic fields (4.7, 9.4, and 18.8 T) reveal $bdihemical shielding anisotropies

of 3.8(3) and 9.0(3) ppm, respectively. Similarly, analysis of solid-st®ENMR spectra of tris(2,2,6,6-
tetramethyl-3,5-heptanedionato)-aluminum(lll), Al(TMHDat 4.7 and 9.4 T yield atfAl chemical shielding
anisotropy of 6.7(5) ppm. Aluminum nuclear quadrupole coupling constants, asymmetry parameters, and
the relative orientations of the chemical shielding (CS) and electric field gradient (EFG) tensors are also
reported. The utility of obtaining and analyzing solid-state NMR spectra at high applied magnetic field strengths
is demonstrated. Aluminum nuclear spin-rotation constants available from recent high-resolution Fourier
transform microwave spectroscopy studies of aluminum(l) isocyanide (AINC) and aluminum(l) chloride (AICI)
indicate largeé’Al CS anisotropies of 406(9) and 477(17) ppm, respectively. Experimental results are compared
with theoretically-calculated CS and EFG parameters, using both restricted Hatttelemethods and density
functional theory.

Introduction SCHEME 1
The aluminum-27 nucleus (nuclear sdin= 5/2) is well-
suited for solid-state NMR studiésgdue to its high natural “
abundance (100%), relatively large magnetic moment, and small d /
nuclear quadrupole momehtlt is possible to easily obtain and \On.. | .0 Q‘“ ‘”,

AL

Oln. .|I|
analyze solid-stat@’Al magic-angle spinning (MAS) NMR 0" | g O’(L\O
spectra of a variety of materials since the central transition (1/2 \ /
< —1/2) is dependent only upon the second-order quadrupolar

interaction and the isotropic chemical sHiftSolid-state?’Al
NMR has especially found use in materials science for the study
of a variety of substances including zeolites, ceramics, cements, Al(acac), Al(trop), Al(TMHD),
and glasse’®> Numerous isotropié’Al chemical shifts have
been reported, indicating a chemical shift range of ca. 300
ppm&7 In contrast, there are very few reports’6Al chemical
shielding anisotropy (CSA) in the literature. Samoson and co-
workers reported the first evidence Bl CSA in a study of
trialuminum tris(orthophosphate) hydrate, AlR2L, which

the same time, our group had submitted a report of a relatively
large2’Al CSA in aluminum trichloride phosphoryl trichloride,
AICI3-OPCE.19 Aside from these examples of aluminum CSA,
the only other interaction that influences the line shape of solid-
. . . state NMR spectra in a similar fashion is the Knight shift,
contains one tetrahed_ral and. two pent.acoordlnate aluminum,,nich has been observed in tR&AI NMR spectra of binary
sites® They found that it was difficult to simulate NMR spectra aluminum-metal alloys2 However, the Knight shift is only

of the pentacoordinate sites without including orientation- ¢,ctional in conducting or semiconducting materials.
dependent chemical shifts; however, the overlap of signals This paper reports several new examples 28l CSA
ar;smg from chemlcal!y distinct sites re_ndered.an exact deter- characteristic of two extremesmall values in pseudo-
mination of the magnitude of the CSA |mp053|ble. 'Recentlyl, octahedral complexes and relatively large values in diatomic
Vosegaard and Jakobsen reported aluminum CSA in sapphire

i 9 . i . . and linear triatomic molecules. In the first part of this paper,
(a-Al;0s).> From sm_gle crystaf Al.NMR experiments, they the small?’Al CSAs observed in the octahedrally coordinated
were able to determine the magnitude of the CSA as well as

. ) . . L aluminum complexes tris(acetylacetonato)aluminum(lil),
the orientations of the aluminum chemical shielding (CS) and Al(acacy, tris(tropolonato)aluminum(lll), Al(trop) and

electric field gradient (EFG) tensors in the molecular frame. At tris(2,2.6,6-tetramethyl-3,5-heptanedionato)aluminum(li),

Al(TMHD) 3, are discussed (see Scheme 1). A comparison of

* Address correspondence to this author. Phone: 902-494-2564. Fax: 27 -
002-494-1310. E-mail: Rodw@is.dal.ca. known27Al F:S te;nsors obtained from solid-state NMR experi
* Dalhousie University. ments is given in Table 1. In the second part of the paper,

* Bruker Analytik GmbH. known 27Al nuclear spin-rotation constants obtained for alumi-
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TABLE 1: Tabulation of Experimental Quadrupolar and Chemical Shift Data Obtained from NMR Experiments on Complexes

Exhibiting Aluminum Chemical Shielding Anisotropy 2

quadrupolar parametérs

chemical shift parameters

Euler angles (deg)

complex Co (MH2z) n diso (ppmY Q (ppm) K o B y ref
AIPO,—21 7.35 0.5 15.8 44 0.64 90 70 90 8
(site 1,2 5.8 0.7 14.2
sapphirep-Al ;O3 2.403(15) 0.01(2) 18.8(3) 17.5(6) 0.96(4) 0 2.7 0 9
AICl3-OPCE 6.0(1) 0.15(1) 88(1) 60(1) —0.70(2) 90 90 0 10
Al(acac) 3.03(1) 0.15(1) 0.0(3) 3.8(3) 0.70(3) 90 90 0 this work
Al(trop)s 4.43(1) 0.08(2) 36.6(2) 9.0(3) —0.25(5) 90 81 7 this work
Al(TMHD) 5 3.23(2) 0.10(1) 1.5(3) 6.7(5) 0.4(1) 90 90 0 this work

2 Errors are given in parentheségrincipal components of the EFG tensoVi:| < [Vag < |Va3l. Co = €qQlh = eQWy/h. 7 = (Vi1 — V22)/Vas.
¢ Errors in Euler angles given in textdiso = (011 + 022 + 033)/3. Referenced with respect to an external sample of 0.1 M AYNEY), diso(2’Al)
of Al(H,0)s*" = 0 ppm.¢No errors quoted, accurate simulations of spectra not possible (see text).

num(l) isocyanide, AING3**and aluminum(l) chloride, AICY
are utilized to determine tHéAl CS tensor parameters for these

calculations on AlH and Alli. Chemical shielding calculations
were performed using the gauge-including atomic orbital

molecules. It is interesting to note that the spans of these CS(GIAO) method?! DFT calculations utilized Becke's three

tensors @ > 400 ppm, vide infra) are comparable to the entire
27Al CS range.

Only a handful of ab initio calculations c¥Al chemical
shieldings have appeared in the literattfrejth only two papers
reporting2’Al CS tensors%1” Comparison of experimentally

parameter hybri# and the correlation functional of Lee et?al.
(i.e., B3LYP DFT calculations). Geometry optimizations of
AINC, AICI, and several other diatomic systems were carried
out at both RHF and MP2 levels of theory using the 6-311G*-
(*) basis set. Since there is no established absolute chemical

determined and theoretically calculated CS and EFG tensorsshielding scale fof’Al, calculated?’Al chemical shifts were
provides information on the orientations of these tensors in the referenced with respect to AlH, which has a calculated
molecular frame as well as acting as a rigorous test of modernchemical shielding ofsiso(Al) = 512 ppni®d and a measured

computational methods. We report theoretf@all CS tensors
and quadrupolar parameters calculated using restricted Hartree
Fock (RHF) methods and density functional theory (DFT) for
Al(acac}, Al(trop)s, AINC, and AICI as well as for several other
simple systems.

Experimental Section

Tris(acetylacetonato)aluminum(lll) (IUPAC name: tris(2,4-
pentanedionat®,O')aluminum) and tris(2,2,6,6-tetramethyl-3,5-
heptanedionato)aluminum(lll), both 99.5% pure, were obtained
from Aldrich and used without any further purification. Tris-
(tropolonato)aluminum (Ill) (IUPAC name: tris(2-hydroxyben-
zaldehydatdd,0")aluminum) was synthesized according to a
procedure in the literatutéand recrystallized from methanol.

Solid-state?’Al NMR spectra were acquired at 4.7, 9.4, and
18.8 T (o(?’Al) = 52.13, 104.26 and 208.49 MHz) on Bruker
MSL-200, AMX-400, and DSX-800 NMR spectrometers,
respectively. MAS NMR spectra were acquired with samples
at spinning speeds ranging from 4.0 to 10.5 kHz, with the
accumulation of 2562048 scans. For stationary samples,
1000-20000 transients were accumulated. All spectra were
acquired with single-pulse experiments with the application of
high-power proton decoupling. Pulse widths and relaxation
delays were 1.Qus and 2-4 s, respectively. Spectra were
referenced with respect to 0.1 M Al(NR(aq), where Al-
(H20)s*"(aq) haso(?’Al) = 0.0 ppm. The aqueous standard
was also used to determine the°3fllse for?’Al (3.5 us, v
=70 kHz) and set to 1.Qus for the solid samples. Pre-
acquisition delays of 1640 us were applied. Aluminum NMR
spectral simulations were performed on an IBM-compatible PC
(Pentium) using the WSOLIDS software package, which was
developed in this laboratory. This software incorporates the
space-tiling method of Alderman and co-workers for the
generation of solid-state NMR powder patteths.

RHF and DFT calculations of CS tensors and RHF, DFT,

chemical shift ofdiso(2’Al) = 101 ppm with respect to the
standard Al(HO)e*"(ag)2* Incidentally, Farrar and co-workers
recently reported a calculation ofso(Al) = 612 ppm for Al-
(H20)s*" that gives a calculated chemical shift difference of
100 ppmitain excellent agreement with the experimentally
determined difference in chemical shieldi#¥gCalculated EFG
tensors were converted from atomic units (au) to NfHay
multiplying the largest component of the EFG tensdys, by
eQh x 9.7177x 10?*V m~2, whereQ(?’Al) = 1.403x 10 ?°

m? (ref 2).

Results and Discussion

Aluminum-27 MAS NMR of Al(acac)s, Al(trop) 3, and Al-
(TMHD) 3. The NMR Hamiltonian for an isolated quadrupolar
(spin S > 1/2) nucleus can be written as

@)

In moderate applied magnetic fields, the quadrupolar and CS
Hamiltonians can be treated as perturbations on the Zeeman
Hamiltonian. Under conditions of fast magic-angle spinrfihg,
anisotropic CS interactions become negligible, and the line shape
of the central transition (1/2> —1/2) of the quadrupolar nucleus
is therefore dependent only upon the second-order quadrupolar
interaction?® Accordingly, the position and line shape of the
central transition are dependent only upon three parameters: the
magnitude of the nuclear quadrupole coupling constagitthe
quadrupolar asymmetry parametgrand the isotropic chemical
shift, diso. Expressions for calculating the central transition may
be found in the original literatuf&as well as in several review
articles?9-381

Aluminum-27 MAS NMR spectra were obtained for Al(acac)
and Al(trop} at 9.4 (Figure 1) and 18.8 T, and analysis of these
spectra yielded the quadrupolar parameters and isotropic chemi-
cal shifts listed in Table 1. The uncertaintiesGp, 77, anddiso

H = H, + Hq + Hcs

and MP2 calculations of EFG tensors were carried out on an (given in parentheses) were estimated by visual comparison of

IBM RISC 6000 Station using Gaussian @4.Both 6-31G*

and 6-311G* basis sets were implemented in the calculations,

with the 6-31G** and 6-311G** basis sets employed for

experimental and calculated spectra. The results for Al(acac)
are in excellent agreement with previously reported val@egs (
= 3.0 MHz andy = 0.15 (ref 32) andCq = 2.85 MHz andy
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Figure 1. Experimental and calculatedAl MAS NMR spectra of
the central transitions (1/2 —1/2) of (A) Al(acac}, viet = 7853 Hz,
and (B) Al(trop}, vrot = 9955 Hz, acquired at 9.4 B{(*’Al) = 104.26
MHz). Evidence of the £3/2 < +1/2) satellite transitions are also
visible and marked with arrows.

-10 ppm

= 0 (ref 33)). The former data were obtained fréfl MAS
NMR spectra, while the latter were estimated from solid-state
27Al spectra of stationary samples acquired at 2.35 T. Values
of Cq andy for AI(TMHD) 3 were obtained from the analysis
of 27Al NMR spectra acquired at 4.7 and 9.4 T (see Table 1).
Al(acacy and AI(TMHD); are both trisg-ketoenolato) com-
plexes3* with the oxygen atoms positioned in an octahedral

Schurko et al.

ingly, the treatment of the problem is well known and will not
be discussed in detail here.

The chemical shielding interaction is described by a second-
rank tensor with principal components defined from least to
most shielded asi11 < 022 < 033. The corresponding chemical
shift principal components (i.e., chemical shielding with respect
to some reference sample) are defined from least to most
shielded a®11 = 022 = d33. Depending on the convention used,
the term chemical shielding anisotropy may have different
meanings>43 In our recent work, we have taken the CSA to
be synonymous with the span of the CS tengey,which is
defined a&

Q=0,,— 033= (2)

Furthermore, the shape of the spectrum is described by the
skew, «, which is defined &%

033~ 011

K = 3(0g — 05/ QR = 3(0i50 — 02)/RQ 3
where+1 > ¢ = —1.

The relative orientation of the EFG and CS PASs are
described such that the orientation of the CS tensor in the EFG
PAS is defined by three Euler angles, (3 and y), and the
following rotational operatiori*

R(a.6,7) = Rz (V)R (B)Ry(0) (4)

The frequencies of the spectrum of the central transition can be
calculated from

Vg 12= Vot 15(0.0) — vedO.pBy)  (5)
where v is the Larmor frequencyy$’ is the second-order
quadrupolar frequency shift, amgsis the orientation-dependent
chemical shift frequency as defined previou8lyThe polar
anglesf and ¢ describe the orientation of the EFG PAS with
respect to the applied magnetic field. Powder patterns are
simulated by calculating frequencies over a large number of
anglesp and¢.’® The stationary NMR spectrum of the central
transition of a quadrupolar nucleus can be computed from the
knowledge of eight parameters: the quadrupolar parameters,

arrangement about the central aluminum atom. As isolated Cq andy; the CS parameterdiso, Q, and; and the Euler angles

molecules, these complexes possBssymmetry, with each

of the three diketo ligands forming a six-membered chelate ring
with the aluminum. Due to the similar structural environments
about the aluminum centers, ti(27Al) and diso(*’Al) of Al-
(acac) and AI(TMHD); are of comparable magnitudes. The
tropolonato ions in Al(trop)form five-membered chelate rings
with the aluminum, and the interoxygen distances are rediced
in comparison to the six-membered chelate ring of Al(ag#t)

o, B, andy.

The majority of publications concerning solid-statal NMR
involve materials and complexes possessing tetrahedrally and
octahedrally oxygen-coordinated aluminum cent€r® In
many cases, the materials investigated are disordered solids, or
there are multiple aluminum sites present; consequently, broad
and/or overlapping powder patterns make it very difficult to
extract CS tensor information from the spectra. Al(agaod

arrangement, which gives rise to augmented electric field
gradients at the aluminum. As a result, the magnitudégpin

Al(trop)s is markedly larger than that observed in the former
compounds. The isotropic aluminum chemical shift is also very

structure®36reveal that (i) there is nearly octahedral symmetry
about the aluminum centers and (i) there is only one crystal-
lographically distinct aluminum nucleus per unit cell. In
addition, both complexes have approxim@eandC; rotation

sensitive to changes in structure, as demonstrated by theaxes that are normal to one another, where one might expect
deshielding of the aluminum nucleus by ca. 35 ppm as comparedthat principal components of the EFG and CS tensors would

to the six-membered chelate ring complexes.

Solid-State?’Al NMR in Stationary Samples. Theoretical
Background. In analyzing the NMR spectra of solid stationary

be directed’~*° For example, in the case of Co(acasingle-
crystal °Co NMR measurements indicate that the unique
principal components of the cobalt CS and EFG tensors are close

samples, the effects of CSA on line shape must be consideredto the localC; axis#® Although there is no report of the crystal
There are many examples in the literature in which the CS and structure of AI(TMHD} in the literature, it is clear from the
EFG tensor parameters have been extracted through analyse¥’Al NMR results (vide infra) that the aluminum is hexacoor-

of powder NMR spectra of stationary samptés*! correspond-

dinate with pseudo-octahedral symmetry.
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Figure 2. Experimental and calculated solid-stdtal NMR spectra
of stationary samples of Al(acaat (A) 4.7, (B) 9.4, and (C) 18.8 T.
See Table 1 for simulation parameters.

Al(acac). Solid-state 27Al NMR spectra of stationary
samples of Al(acag)at three different fields are pictured in
Figure 2 along with the calculated spectra. Analyses of these
spectra were completed with the following parameters:
Co(?"Al) = 3.03(1) MHz,; = 0.15(1),0is0 = 0.0(3) ppm.Q =
3.8(3) ppm, and = 0.70(3). Agreement between experimental
and calculated spectra at all fields is quite good. Values of
Cq, 17, andoiso Obtained from MAS NMR spectra were fixed,
and the remaining parameters were varied until best fits were

obtained at all three fields. Uncertainties in spectral parameters

were estimated by visual comparison of experimental and
calculated spectra. The relative orientation of the EFG and CS
tensors is given by the Euler angles= 90°(+15°), 8 =
90°(£10°), andy = 0°(x30°), which sets the least shielded
component of the CS tensady;, along the direction of the
largest component of the EFG tensWgg; 022 alongVii; and
d3zalongVy,. Sinced;; anddy; are very close to one another,
altering the value of does not result in significant changes in
the shape of the central transition. Consequently, the error in
y is significantly larger in comparison to the errorsoirand.

The span of the shielding tensor is very small; however,
comparison of experimental and calculated spectra (with and
without the CSA) reveal that there is clearly a CSA effect
present on thé’Al NMR line shape (see Figure 3).
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symmetry and/or (ii) theoretical CS or EFG tensors to predict
the orientation of the interaction tensors in the molecule. The
aluminum EFG tensor of Al(acachas near-axial symmetry

(n = 0.15), which indicates thaWs; is the quasi-unique
component, and the value of the skews 0.7, signifies that
the CS tensor is also almost axially symmetric, with as the
quasi-unique component. Note that the term quasi-unique is
used to describe a single principal component that is distinctly
separated from the other two components which are of similar
magnitude for tensors that are close to being axially symmetric.
On the basis of the roughly axially symmetric interaction tensors
and the relative orientation of the EFG and CS frames, two
possible orientations of the interaction tensors with respect to
the molecular frame are suggested. One possible orientation
hasVs; (the quasi-unique EFG principal component) oriented
near or along the direction of the approxim&gaxis, which
positions 611 near or along this axis as well. The other
possibility has the most shielded principal componeng,
aligned near th€; axis, placingv,, along this direction as well.

In both cases, one set of remaining principal components would
be directed along or near one of the th@esymmetry axes
present in the molecule.

One might expect to find both of the quasi-unique components
of the EFG and CS tensors (i.&/33 andds3) aligned along the
Cs symmetry axis. However, calculated spectra incorporating
these tensor orientations indicate that this is not the case. The
EFG is a ground-state first-order property, predominantly
dependent upon the arrangement of nearest neighbors about the
central nucleus, whereas CS is a second-order property, de-
pendent upon the virtual as well as the ground electronic states
of the molecul@* In addition, the magnitude of tiéAl CSA
is very small on the overall shielding scale Al, whereas
the?’Al Cq is of small to moderate magnitude (small values of
Co(?"Al) range from 0.3-0.6 MHz in alums!®55to values on
the order of 25-45 MHz in monomeric and dimeric organoalu-
minum compounds}® Therefore, the orientation of the quasi-
unique component of the EFG tensor should be dictated by
molecular symmetry, whereas the CS tensor orientation is
somewhat more ambiguous, predominantly due to the small
value of the CSA. From these arguments, it is proposed that
the most probable orientation of the EFG and CS tensors in
Al(acac} is one in whichV33 andd1; are along or near th€;
symmetry axis. No additional information can be gained from
experimental data regarding the orientation of the remaining
principal components with respect to the molecular frame;
however, we reiterate that from the Euler angles and the crystal
structure of Al(acag)it is known thatd,; is oriented along or
close toVi; and d33 is near toVos with one set of these
components aligned in the direction of one of €esymmetry
axes.

To further establish the orientation of the interaction tensors
with respect to the molecular frame, it is worthwhile to compare
theoretical CS and EFG tensor orientations with experimental
results (see Table 2). The geometry of Al(agaed for the
theoretical calculations was taken from the reported X-ray crystal
study?6 with carbon-hydrogen bond lengths optimized using
RHF theory with the 6-311G** basis set.

Both RHF and DFT(B3LYP) CS calculations with 6-31G*
and 6-311G* basis sets predict CSA at the aluminum nucleus.

In many cases, single-crystal NMR studies have been usedSeveral interesting observations can be made. The CS calcula-

to elicit information on the orientation of NMR interaction
tensors in the frame of the molecdle®®52 When suitable
single crystals are unavailable and only powder NMR spectra
can be obtained, it is sometimes possible to utilize (i) molecular

tions carried out with the 6-31G* basis set are closest to the
experimentally observed values, although the improved results
with the smaller basis set are likely fortuitous. The RHF/6-
31G* calculations predict a span of 3.1 ppm, which is quite
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Figure 3. Experimental and calculated solid-st&tél NMR spectra of Al(acag)at 9.4 T. In panel A, no CSA is included in the simulation,
whereas in panel B, the CSA is include@ & 3.8 ppm).

TABLE 2: Theoretically Calculated Chemical Shielding Tensors and Quadrupolar Parameters for Al(acag) and Al(trop) 3

quadrupolar chemical shielding chemical shift chemical shift
parameters principal components (ppm) principal components (pprh) parameters
complex CQ (MHZ) i 011 022 033 011 022 033 Oiso (Ppm) Q (ppm) K

Al(acac}, exptl 3.03 0.15 -15 0.9 —-2.3 0.0 3.8 0.70
RHF/6-31G* 2.11 0.05 619.8 622.3 6229 —6.8 -9.3 -9.9 —8.6 3.1 —0.63
B3LYP/6-31G* 2.30 0.03 595.9 597.1 597.7 17.1 15.9 15.3 16.1 1.8—0.32
RHF/6-311G* 2.37 0.05 600.8 607.6 608.1 12.2 5.4 4.9 7.5 7.3-0.87
B3LYP/6-311G* 2.85 0.04 567.4 573.8 574.4 45.6 39.2 38.6 41.1 7.0—-0.81
Al(trop)s, exptl 4.43 0.08 415 35.9 325 36.6 9.0 —-0.24
RHF/6-31G* 3.36 0.04 592.2 599.6 602.4 20.8 13.4 10.6 14.9 10.2-0.44
B3LYP/6-31G* 3.40 0.03 563.4 565.4 569.8 49.6 47.6 43.3 46.8 6.4 0.38
RHF/6-311G* 3.31 0.10 566.1 576.3 580.1 46.9 36.7 32.9 38.8 14.0-0.47
B3LYP/6-311G* 4.00 0.07 522.9 532.6 537.8 90.1 80.4 75.2 81.9 14.9-0.29

a Calculatec?’Al chemical shifts are referenced as described in the Experimental Section.

close to the measured value of 3.8(3) ppm. The RHF and DFT 6-31G* calculations plac¥;; andd,, oriented approximately
6-311G* calculations overestimate the span of the CS tensoralong aC, rotation axis, separated by 7,@vith 633 andV,; set
by ca. 3 ppm or more. Both RHF and DFT calculations predict 3.3 apart and normal to both symmetry axes. In contrast, both
a negative skew, implying that; is the quasi-unique principal  the RHF and B3LYP 6-311G* calculations sk and Vs, ca.
CS tensor component, contrary to the experimental results. Both16° apart and near &; axis, with Vi; and d,; normal to the
methods using the 6-31G* basis set underestirigtby 0.8— rotational symmetry axes. It is not surprising that there is some
0.9 MHz; however, calculations with the 6-311G* basis set discrepancy between calculations with different methods and
(notably B3LYP) yield values ofCq that are close to the  basis sets in the orientation of CS and EFG tensors in the
experimentally determine@q. In all cases, the calculateg molecular frame, since the magnitude of the CSA is very small
values indicate an EFG tensor of near-axial symmetry. and the “nonunique” components are very close to one another.
The most interesting feature of these calculations is the At this point, no conclusion can be drawn about which set of
predicted orientations of the CS and EFG tensors in the principal components lies along the direction of one of @e
molecular frame and relative to one another. RHF calculations symmetry axes, but the theoretical relative orientations of the
using either the 6-31G* or 6-311G* basis set and B3LYP/6- EFG and CS tensors obtained from RHF/6-31G*, RHF/6-311G*,
311G* calculations yield orientations in whidlyz andd;; are and B3LYP/6-311G* calculations are in reasonable agreement
between 6 and 7 apart, aligned approximately along the with the experimentally determined orientations. B3LYP/6-
direction of the molecula€; axis, in agreement with the first ~ 31G* calculations yield CS tensor orientations that do not
set of proposed tensor orientations above. The relative orienta-correspond to those observed experimentally or obtained using
tion of EFG and CS tensors, for example, in the RHF/6-31G* other basis sets.
calculations, is described by the Euler angles- 88.3, f = AI(TMHD);. Analyses of?’Al NMR spectra of stationary
87.9, andy = 6.8 with other calculations giving similar data. = samples of AI(TMHD} at 4.7 and 9.4 T yielded the following
These results are very close to the experimental orientationparameters:Cqo(?’Al) = 3.23(2) MHz, = 0.10(1), iso =
[ =90° + 15°, f = 90° &+ 10°, andy = 0° £+ 30°]. The 1.5(3) ppm 2 = 6.7(5) ppm, ana = 0.4(1) with Euler angles
orientations of the CS and EFG tensors in the molecular frame o = 90°(£25°), f = 90°(£10°), and y = 0°(£30°). The
are pictured in Figure 4. Despite the fact that the theoretical magnitudes oCq, 2, andx suggest that there is a slightly less
orientations of the CS and EFG PASs are in agreement with symmetric environment about the central aluminum atom in
experiment, there are some discrepancies in the orientations oftomparison to Al(acag) The relative orientation of the CS
the remaining components in the molecular frame depending and EFG tensors is the same as in Al(agaahich suggests
on the type of basis set applied in the calculation. The RHF/ that these tensors may be oriented in the molecular frame in a
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G axis

Figure 4. Two projections illustrating the orientations of the CS and EFG tensors in the molecular frame of Aléscde)ermined by experimental
and theoretical calculations (6-31G* basis s®t) andd1; are aligned along an approxima®g rotational axis, withv1; and d,, roughly oriented

with the C; symmetry axis.

manner similar to those in Al(acac) The quoted errors in the
CS parameters for AI(TMHDR)are slightly larger than those
for Al(acac) (or Al(trop)s, vide infra) since spectra were not
obtained and analyzed at 18.8 T where the effects of chemical
shielding are more pronounced. Theoretical CS calculations
were not carried out on Al(TMHD)due to the absence of a
reported crystal structure. Geometry optimization of such a
large system would be time-consuming, but more importantly,
since it would be performed on an isolated single molecule, it
is unlikely to provide a reasonable representation of the
geometry of the molecule in the solid state.

Al(trop)s. Similar analyses were completed on &l NMR
spectra of Al(trop) with the following results: Co(?’Al) =
4.43(1) MHz, = 0.08(2), diso = 36.6(2) ppm,22 = 9.0(3)
ppm, and« = —0.25(5). Experimental and calculated spectra
at three fields are presented in Figure 5, and a comparison of
spectra with and without CSA is displayed in Figure 6. The
larger CSA with respect to those in Al(acaend Al(TMHD)s
and the nonaxial skew is presumably the result of diminished
octahedral symmetry about the central aluminum nucleus (vide
supra)®>3 In addition to a nea€; symmetry axis, there is
also a unique;, rotation axis positioned normal to ti@ axis,
resulting from the fact that two of the tropolone moieties are
identical in terms of bond lengths, angles, and torsional angles
with respect to the central aluminum nucleus. As in the case
of Al(acac}, it is very likely that two principal components of
each of the interaction tensors are aligned along the directions
of these symmetry axes. The nonaxial CS tensor makes it
difficult to assess which of the principal CS components may
be aligned in the direction of the uniq@® and approximate
Cs symmetry axes. However, the small quadrupolar asymmetry
parameterf = 0.08) once again indicates near-axial symmetry
in the EFG tensor, which would strongly imply thelgs lies
along or in the direction of th€; axis. The relative orientation
of EFG and CS PASs in Al(tropire given by = 90°(+5°),

B = 81°(£2°), andy = 7°(+2°), settingdi; at & off of the
direction ofVs3 ; therefore 011 is the principal CS component
that is situated near the approximdie axis. The simulated
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Figure 5. Experimental and calculated solid-stdtal NMR spectra
of stationary samples of Al(tropat (A) 4.7, (B) 9.4, and (C) 18.8 T.
See Table 1 for simulation parameters.

spectra are sensitive to small changes in the Euler angles due
to the increased magnitude of the CSA in Al(trgg)ence, the
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Figure 6. Experimental and calculated solid-stdtal NMR spectra of Al(trop) at 18.8 T. (A) no CSA included, (B) with the CSA include@ (
= 9.0 ppm).

errors in the Euler angles are significantly smaller in comparison
to those for Al(acag) and AI(TMHD)s;. Again, no further
information can be gained on the orientation of the other

principal components relative to the molecular frame, except C

to say that one CS and EFG principal component should be

aligned in the direction of the uniqu& axis. The Euler angles O
reveal that, as in the case of Al(acgc),, is oriented

approximately in the direction df11, anddsz is approximately Al O

along Va».

Aluminum-27 CS tensors calculated using Hartréeck
methods with the 6-31G* basis set are in very good agreement
with the experimentally determined valuesotably, the ex- .
perimental and theoretical spans and skews are very close to Q axis
one another (see Table 2). The B3LYP/DFT calculations with
the same basis set underestimate the span considerably (ca.
ppm) and predict a skew of opposite sign. Calculations carried
out using the larger 6-311G* basis set overestimate the span
by 5 ppm or greater but also predict negative skews in
accordance with experiment. All calculations predict deshield-
ing at the?’Al nucleus in Al(trop} relative to Al(acag), ranging
from 20 to 40 ppm, which is in qualitative agreement with the C’2 axis
measured deshielding of 36.6 ppm. The molecular geometry
for the calculations was taken from crystal structure éageth
carbon-hydrogen bond lengths determined as described for
Al(acac}. All calculations slightly underestimate the magnitude
of Co, with B3LYP/6-311G* calculations predicting the asym-
metry parameter quite accurately.

Several interesting results regarding the tensor orientations
are extracted from these computations (see Figure 7). RHF/6-
31G*, 6-311G*, and B3LYP/6-311G* calculations reveal that
Va3 anddq; are in the direction of the ne&; axis and are 35 Figure 7. Two projections illustrating the orientations of the CS and
8.5° apart, in close agreement with our experimental results. Ezgréggzifcrzlé:|;rt]iﬁn?OTliggsertig;ngglccﬂclaﬁgtr:gmr;g:;%%mir;?gnby
However, the calculations pladé; and 0z ca. 7'7(67 from the uniqueC; symmetry axis, withvz, and d2; anr?g the diréi:tion %f
one another and pladé:; anddz, at ca. 2.0 apart, in contrast 5 ¢, symmetry axis.
to the relative orientations of these components determined
experimentally. Interestingly, th&, andV,, components fall geometry, while the experimental measurements are performed
along the direction of the uniqué; axis (in agreement with  on a solid sample in which the molecular geometries are not
our earlier suggestion), witN;; and 033 normal to the two rigid. Electric field gradients do not converge rapidtyr(~3),
symmetry axes. In general, the theoretically calculated param-and near-neighbor contributions can be signifién&urther-

Vaps 6y L
to page

eters are quite close to experimental values for Al(tsot)e more, there is growing evidence that post-HartrEeck

only major discrepancy being the relative orientation of the CS calculations, which include electron correlation (e.g., second-
and EFG tensors. Nevertheless, given tat~ Vs, this is order Mgller-Plesset perturbation theory), and relativistic effects
not a serious incongruity. will be necessary to obtain better agreement between calculated

It is important to recognize that the theoretical calculations and observed shieldifgand EFG tensor%.60
are generally carried out on an isolated molecule using a frozen Acquiring spectra at a number of different applied magnetic
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fields is extremely useful in elucidating NMR parameters since used in the calculatioff. In the case of the Gaussian 94 suite

the varying field dependence for CS and quadrupolar interactionsof programs, the correlation functional utilized does not include

produce differing spectral features and intensities. A single setany magnetic field dependence; therefore, it is not expected that

of parameters extracted from spectral simulations are reliablethe results of DFT chemical shielding calculations should be

if they yield best fit spectra at all applied magnetic field systematically “better’ than the RHF calculatidiis.

strengths. In several cases, theoretical CS and EFG relative The relationship between chemical shielding and nuclear spin-

orientations were tested in the reanalysis of the correspondingrotation tensors has been recognized for many y&&fs.In

spectra. It was found that, despite relatively close fits at one the case of linear molecules

applied magnetic field, the spectra could not be fit at all three

fields. The acquisition of spectra on the high-field 18.8 T o~ — m %

spectrometer (currently the highest field commercially available o 2mg, B

NMR spectrometer) is invaluable since the effects of a small

CSA are very pronounced at the high field as opposed to the and

spectra acquired at 4.7 T. In contrast, the effects of the second-

order quadrupolar interaction vary inversely with the applied o= alld 9)

field and are reduced by a factor of 4 on moving from 4.7 to

188 T. wherem, andm are the proton and electron massggjs the
Aluminum-27 Chemical Shielding Anisotropy in Linear nuclear g-factor (1.4565 for’Al), and B is the molecular

Molecules. In practice, NMR spectroscopists measure chemical rotational constant in HA(8z?). Values ofoY(free atom) have

shifts that are related to differences in nuclear shieldings. been calculated for nuclei up ®= 86 (ref 68) from ground-

+ o (free atom) (8)

Specifically, chemical shift is defined By state atomic orbital wave functions. Accurate values)dfire
available from ab initio calculations. The sign preceding the
0 = (Veample™ Vied)Vrer X 10° first term of eq 8 is often written as positifé®” however, the
correct sign depends on the convention used for the sign of the
= Oret ~ Osample (6) nuclear spin-rotation constafft. Here we follow the sign

convention of Gerry and co-workef® The most important
wherevsampieandrrer are the resonance frequencies of the sample point is that the first term of eq 8 is almost always negative.
and the reference, respectively;s is the absolute chemical ~Known exceptions are for the fluorine nuclei of CIF, BrF, IF,
shielding of the reference compound; angnpeis the absolute ~ and Sk.”

shielding of the nucleus of interest in the sample. Absolute  Consider the AINC molecule, for which internuclear distances
chemical shielding scales have been established for a numbepf ro(ALN) = 1.849 A andr(N,C) = 1.171 A and a?’Al

of elements using procedures outlined by Jam&samd spin-rotation constant o€y = 3.850(84) kH2* have been
Jameson and Maséh. As outlined below, it is possible to ~ determined. From the above equations, one obtairs789.9
obtain chemical shielding data from the recently repofted ppnf8 and o = 384.3(8.9) ppm, for an isotropic chemical
nuclear spin-rotation constants;, which have been obtained  shielding ofoiso = (200 + ay)/3 = 519.5(9.0) ppm. The span
from high-resolution microwave spectroscopic studies of the of the chemical shielding tensor is given &= o — op =
linear molecules aluminum(l) isocyaniteand aluminum (I) ~ 405.6(9.0) ppm. Similar calculations may be carried out for
chloride!s Because these are highly reactive molecules, it is AICI, which has r(Al,Cl) = 2.12983(1) A! and Cy =
impractical to measure experimental chemical shifts of other 5.54(16) kHz}> which gives o; = 789.9 ppm andog =
aluminum-containing compounds relative to AICI or AINC. 313(17) ppm foroiso = 472(17) ppm and2 = 477(17) ppm.
Nevertheless, experimental data presented here serve as ahese results are summarized and compared to theoretically
benchmark for checking the reliability of theoretical calculations. calculated values in Table 3.

The chemical shielding tensor can be expressed according Theoretical GIAO NMR chemical shielding calculations were
to the sum of the diamagnetic and the paramagnetic shieldingcarried out on AINC, AICI, AlF, and AlH, using both experi-
tensor<3 mentally determined molecular geomettie? 73 as well as

theoretically optimized structures. There are several striking
o=oc"+ o° 7 features in comparing the theoretical and experimental results
in Table 3. For both AINC and AICI, the theoretical shielding
The diamagnetic shielding tensor is dependent only upon the parameters are in very good agreement with the experimental
ground electronic state of the molecule, while the paramagnetic values, notably those calculated values obtained with the RHF
term depends on both the ground- and excited-state molecularand DFT methods using the 6-311G* basis set. Calculations
orbitals. on AINC and AICI were performed using both MP2/6-311G*

The difficulty in chemical shielding computations arises when geometry optimized structures as well as the structures deduced
calculating the paramagnetic shielding tensor, which involves from the experimental rotational constants. The experimental
excited-state molecular orbitals. Proper treatment of systemsAICI bond length,rAl,Cl) = 2.1298 A7l is quite close to the
involving virtual states is improved by the inclusion of electron MP2/6-311G* bond length, and as a result, the chemical
correlation?80:64notwithstanding, due to the large computational shielding parameters are quite similar. However, for AINC the
times involved in performing such calculations, the majority of experimental value determined fag(Al,N), 1.849 A3 is
reported shielding calculations employ Hartrdeck methods. significantly different from the theoretical equilibrium bond
Highly polarized basis sets are required to accurately calculatelength.
paramagnetic shielding contributions, and as a result, RHF In comparison to the span calculated for Al & 487.6
theory often tends to overestimate the paramagnetic shieldingppm, RHF/6-311G*), a very large span is predicted for AlH
component. Density functional theory implicitly includes (2 = 986.6 ppm), and a smaller span is calculated for AN (
electron correlation; however, the quality of the DFT calculation = 329.8 ppm). It is possible to qualitatively rationalize the
is largely dependent on the caliber of the correlation functional increasing span (i.eQ(AIF) < Q(AICI) < Q(AIH)) in terms
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TABLE 3: Experimental and Calculated Aluminum-27
Chemical Shielding Parameters for a Series of Simple
Al-Containing Molecules

6-31G* 6-311G*(*}
experimental DFT DFT
(SRdatd) RHF (B3LYPY RHF (B3LYP)
AINCe
oy (ppm) 789.9 791.6 791.6 791.6 792.3
on (ppm) 384.3 460.5 422.6 414.9 374.9
Tiso (PPM) 519.5 570.9 545.6 540.5 514.0
Q (ppm) 405.6 331.1 369.0 376.7 417.4
AINC'
i (ppm) 789.9 791.9 791.8 791.9 792.6
oo (ppm) 384.3 442.7 404.6 394.0 354.1
Tiso (PPM) 519.5 559.1 533.7 526.7 500.2
Q (ppm) 405.6 349.2 387.1 397.9 438.5
AlCle
i (ppm) 789.9 793.7 793.8 793.7 794.6
on(ppm) 3125 373.8 330.0 309.0 257.6
aiso (PPM) 471.6 513.8 484.6 470.6 436.7
Q (ppm) 477.4 419.9 463.8 484.7 536.8
AlCl¢
o (ppm) 789.9 793.8 793.9 793.8 794.7
oo (ppm) 3125 371.7 3285 306.2 255.6
aiso (PPM) 471.6 512.4 483.6 468.7 435.3
Q (ppm) 477.4 422.1 465.4 487.6 539.1
AlHN
oy (ppm) 787.3 787.2 787.3 787.9
oo (ppm) —84.8 —1645 —199.3 —292.0
Tiso (PPM) 205.9 152.7 129.6 68.0
Q (ppm) 872.1 951.7 986.6  1079.9
AlFi
oy (ppm) 791.8 792.2 791.9 793.0
oo (ppm) 501.6 457.4 462.0 417.9
iso (PPM) 598.3 569.0 572.0 542.9
Q (ppm) 290.2 334.7 329.8 375.1
AlH, ©
aiso (PPM) 561.9 542.8 518.3 4925
Q (ppm) 0 0 0 0

a Note that for hydrogen-containing systems, 6-31G** and 6-311G**

basis sets were used so as to include polarization functions on thethe exce

hydrogen atoms’ The principal components of th&€Al chemical
shielding tensors are calculated from known nuclear spin-rotation
coupling constants for AINC and AICI. Errors in these components
are given in the text Restricted HartreeFock GIAO shielding
calculation using Gaussian 94Density functional theory calculation
using Becke’s three-parameter hybrid method using the Lee et al.
correlation functional (B3LYP), also using Gaussian 9@alculations
performed on the MP2/6-311G*(*) geometry optimized structures:
r(AlL,Cl) = 2.1364 A r(Al,N) = 1.8802 A r(N,C)=1.1936 A, and in
AlH,4~, r(ALH) = 1.6377 A" Calculations performed on the AINC
molecule using the experimentally determined AlLN and N,C bond
lengths,r(Al,N) = 1.849 A andr(N,C) = 1.171 A®® ¢ Calculations
performed on AICI using the experimentally determined bond length,
r(Al,Cl) = 2.1298 A7 " Calculations performed on AlH using the
experimentally determined bond lengitfAl,H) = 1.6453622 Al

i Calculations performed on AIF using the experimental bond length,
r(AlLF) = 1.65436 A7 iDue to the high symmetry of this system
(Ta), there is no chemical shielding anisotropy. Isotropic chemical
shielding values are reported.

of magnetic dipole allowed — 7* mixing. From simple RHF
Mulliken population and natural bond order analyéesth both
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Figure 8. Plot showing the linear relationship between the isotropic
chemical shielding and the bond length in aluminum chloride. Calcula-
tions were carried out using the RHF/GIAO method with the 6-311G*
basis set, decrementimgAl,Cl) in 0.025 A steps from the equilibrium
bond lengthy. = 2.1298 A.

between the CS andE stems from the dependence of the
paramagnetic shielding contribution on the excited electronic
states. Thus, the smaller the separation is between the HOMO
and LUMO, the larger the paramagnetic shielding contribution,
and correspondingly, the larger the CSA. It is also interesting
to note that the ionic/covalent character of the molecules follows
the same trend, with population analyses indicating that AlF is
essentially an ionically bound species, whereas AICI and AlH
have increasingly covalent bonding charaéterln fact, the
electric dipole moment of AlH ig. = —0.10 D76

Finally, experimental and theoretical values@(>’Al) for
all four systems are presented in Table 4. ValueSgbbtained
from RHF, DFT, and MP2 calculations conducted using the
6-311G*(*) basis set are quite close to experimental values with
ption ofCq in AIH.77 Nuclear quadrupole coupling
constants vary due to distortions in molecular geometry that
are dependent on the vibrational state of the molecule, isotopic
substitution, and intermolecular interactio§sHowever, MP2/
6-311G** calculations ofCq(?’Al) in AlH for varying bond
lengths near. yield 3Co/ar =~ —50 MHz/A, indicating that
rovibrational averaging cannot account for the difference in the
experimental and theoretic&lg (vide infra). Elimination of
the polarization functions on the hydrogen atom has little effect
on the calculated results (i.e., MP2/6-311G* calculations).
Possible reasons for the discrepancy between experimental and
calculatedCq(?’Al) in AIH will be discussed elsewhere.

Rovibrational Corrections for the Aluminum Chemical
Shielding of AICI. The magnetic shielding experienced by a
nucleus in a molecule is known to depend on subtle changes in
molecular geometry. For example, the temperature dependence
of nuclear magnetic shielding constants arises from varying
populations of different allowed rotational and vibrational
states’?8% Similarly, isotope effects on magnetic shielding arise
because of the different “average” structures of isotoporfters.

~

the 6-31G* and 6-311G* basis sets, several interesting resultsThe theoretical sensitivity of aluminum shielding to variations

are noted. In all three molecules, the HOMO and LUMO are
o andsr* molecular orbitals, respectively, with large contribu-

tions from the valence shell atomic orbitals of the aluminum
atom. The energy difference between the HOMO and LUMO

in bond length in aluminum chloride is shown in Figure 8. First,
it is clear that the derivativeio/ar, is positive, 278 ppm/A at
re . Positive values oflo/or have also been calculated for
aluminum(lll) hydride®? but for group 14, 15, 16, and 17

decreases in a linear fashion with respect to chemical shieldinghydrides this derivative is negative on the basis of theory and

(i.e., AE(AlLF) > AE(AI,CI) > AE(Al,H)).16¢ The relationship

experimen£283 Second, from the data shown in Figure 8, one
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TABLE 4: Experimental and Calculated Aluminum-27 Nuclear Quadrupole Coupling Constants for a Series of Linear

Al-Containing Molecules?

6-31G* 6-311G*
experimental RHF B3LYP MP2 RHF B3LYP MP2
AlH —36.72(33) —40.24 —41.13 —39.54 —50.17 —51.78 —49.46
AlF —37.6(1.0§ —30.7 —29.9 —30.1 -37.7 —36.4 -37.0
AICI —29.2(2.0y, —30.4081(27 —25.90 —24.08 —24.07 —32.93 —31.60 —30.84
AINC —35.6268(16) —30.50 —30.14 —29.26 —38.21 —38.17 —36.69

aAll Cq reported in MHz. All values for, = 0. For all molecules, experimentally determined bond lengths were applied in the calculations (see

Table 3 for details)? Ref 77.¢ Ref 71.9 Ref 15.¢ Ref 14.

can estimate the rovibrational correction of the aluminum
shielding constant, using the following expressions:

Jdo 1\(8%0
a7 e (‘r’_f)g—o[‘mjJr (5)(8_52)5_0@2Q,a (10)

where& = (r — rg)/re and the average valuésly ; and (32 ;
are defined as follow&?:80

2

30,= —3a1(%) [% cothmcwe/zm] + 4(kT/the)(%

11)

B
[5°) ;= [coth(owy/2KT)] (j) (12)
€
wherea; is the cubic force constant,
_ Qe
—a, = ey 1 (13)

For AICI, a; = —3.1735%* Analysis of the data shown in Figure
8 indicates thatdo/dE)z—o = 592 ppm and#o/dE?)z—o = —452
ppm. Using the above expressions wigh= 0.243942 cm?
andwe = 481.67 cm! 84yields [#[J ; — 0e = 2.12 ppm. Given
that gy is essentially independent of o; will be independent

of temperature, and thugolJ ; — oge = 3.18 ppm. In summary,
the theoretical calculations indicate that the rovibrational
averaging effects on aluminum shielding are relatively small

EFG tensors in the molecular frame have been determined.
Comparison of the CS tensors and EFG parameters in simple
linear molecules obtained from both experiment and theory

reveal that it is possible to obtain relatively accurate theoretical

CS parameters for simple molecules using present-day compu-
tational methods.
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