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Fig. 3 71Ga MAS NMR of the Ga7In6 and Ga13 clusters at two magnetic field strengths 21.1 T (left column) and 13.9 T (right column) and spinning at

62.5 kHz (21.1 T) and 33 kHz (13.9 T). Each plot is broken down into 3 traces: black (top) is experimental data, red (middle) is the Dmfit model

composed of lineshapes in green “core," amber “middle ring," and blue “outer ring" (bottom). * denote spinning sidebands.

3 Results and Discussion

Gallium has two NMR-active isotopes, 69Ga and 71Ga, with nat-

ural abundances of approximately 60% and 40%, respectively.

Both nuclei are quadrupolar with a nuclear spin of I = 3/2, and

consequently the interactions of the electric field gradient (EFG)

with the nuclear quadrupolar moment (eQ) need to be consid-

ered.27 This quadrupole coupling causes broadening of the NMR

resonance, and when second order quadrupole broadening dom-

inates, the shape of the NMR resonance can be described by

the quadrupolar coupling constant CQ = e2qQ/h and asymme-

try parameter ηQ = (Vxx - Vyy/Vzz)
28. Where eQ is the nuclear

quadrupolar moment, eq is the principal field gradient (defined

as eq = Vzz), h is Planck’s constant, and Vxx, Vyy, and Vzz are the

elements of the diagonalized tensor for the electric field gradient,

whose elements can be determined by singularities in the NMR

lineshape. Under rapid magic angle spinning (MAS), interactions

from chemical shift anisotropy, direct dipole-dipole coupling, and

first-order quadrupole interactions are averaged to zero; however,

second-order quadrupole interactions with the EFG are not com-

pletely averaged to zero and still need to be taken into account.28

Although 71Ga has a lower natural abundance than 69Ga, it has a

smaller quadrupole moment than 69Ga resulting in higher sensi-

tivity due to narrower NMR resonances, thus making it the pre-

ferred nucleus for study.

We recently reported the 69Ga and 71Ga solid-state NMR char-

acterization of Ga13
12 (reproduced in the bottom spectrum of Fig-

ure 3), distinguishing three types of six-coordinate gallium sites

and correlating their quadrupolar lineshapes with distortions of

the local environment. We reproduce the spectrum here because

Ga13 serves as a guide for the NMR characterization of the corre-

sponding sites in the Ga13−xInx heterometallic clusters.

The 71Ga MAS NMR spectrum of the Ga7In6 heterometallic

cluster is shown in Figure 3 along with a deconvolution of the

experimental spectrum at 21.1 T and 13.9 T. The NMR data show

that the resonances comprise only the core (green) and middle

(amber) Ga species; the outer sites as seen in Ga13 (in blue) are

absent in the Ga7In6. The chemical shifts for the observed NMR

resonances confirmed the identities of six-coordinate Ga in the

heterometallic clusters, which is consistent with the single-crystal

XRD. Six-coordinate gallium is normally found in the chemical

shift range of -50 to +50 ppm, while four-coordinate gallium in

found in the range of +100 to +200 ppm. In order to verify the

EFG model parameters, NMR spectra were acquired at two mag-

netic field strengths, 13.9 T and 21.1 T. In the Supplementary

Information, Table S2†, the parameters (δ iso, CQ, and ηQ) used

to generate the lineshapes in Dmfit for Ga13 and Ga7In6 at both

magnetic fields are provided. The additional indium in the outer

ring results in slight changes to ηQ, since gallium will experience

a distribution of neighbors in its coordination sphere.

3.1 CASTEP

A computational study for two of the highly ordered heterometal-

lic clusters, Ga13 and Ga7In6, was undertaken to investigate the

local environment of the gallium atoms. With the recent de-

velopments in first-principles calculations (the Gauge Including

Projector Augmented Waves [GIPAW]),23 the accurate calcula-

tion of NMR parameters has been significantly advanced. The

application of Density Functional Theory (DFT) to the calcula-

tion of NMR parameters has been demonstrated in a number of

chemical systems,29 and it has been recently demonstrated on

heavy atoms in metal-oxide systems.26 Here we possess single-

crystal XRD structures of Ga13 and Ga7In6, which yield coordi-

nates for each of the atoms. Consequently, these inputs allow

us to model the NMR quadrupolar parameters for the most or-
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dered species, Ga7In6 and Ga13 (i.e., those without isomers or

positional disorder to complicate the analysis). The ability to cal-

culate NMR parameters that closely match the experimental data

results in a unique complementary tool for spectral assignments

(details for the calculations can be found in the Supplementary

Information†).

The calculated quadrupolar parameters are listed in Table 1

for the Ga13 and Ga7In6 structures, and these are in close agree-

ment with the experimental data, following similar trends. In

both Ga13 and Ga7In6, the core site remains in an environment

of high symmetry with asymmetry parameters (ηQ) that are close

to zero. The calculated core CQ increases with the incorporation

of indium, which is also reflected in the experimental data. The

quadrupolar coupling is the smallest for the core site, followed

by the outer ring, and then the middle ring. This trend follows

the symmetry of the six coordinate Ga species going from a high

symmetry C3v site at the core to the outer ring Ga with (nearly)

C2v symmetry, to the low symmetry middle ring Ga (with C1 sym-

metry). The asymmetry is the largest in the outer ring (the Ga

site that possess four H2O ligands and the two µ2-OH bonds), fol-

lowed by the middle ring (with its mixture of µ-OH bonds), and

then the core (with six µ3-OH bonds). While the computational

evidence is not exact for the middle ring, the best evidence that

the calculations have closely modeled the environments of the

gallium metal sites is the observed trends in the CQ and ηQ from

the Ga13 to the Ga7In6 cluster.

3.2 NMR results

Fig. 4 71Ga MAS NMR of the Ga7In6, Ga8In5, Ga10In3, Ga11In2,

Ga12In1, and Ga13 clusters at 21.1T and spinning at 62.5 kHz (21.1 T). *

denote spinning sidebands.

In Figure 4, we show the 71Ga MAS NMR spectra for a series of

heterometallic Ga13−xInx clusters. Ga12In1, Ga11In2, and Ga10In3

all show evidence of disorder arising from the combination of the

different isomers that may be present due to positional disorder

(random orientation of the In substituted sites on the outer ring),

and the fractional occupancy of the nitrate counterions in the lat-

tice. These three types of perturbations to the long-range struc-

ture lead to broadening and smoothing of the NMR lineshapes.

Deconvolutions of such lineshapes are possible but less exact than

in the ordered end members, Ga13 and Ga7In6. The Ga8In5 spec-

trum is nearly identical to that of the Ga7In6, with no obvious

broadening or smoothing of the resonances (addressed below).

Using the lineshapes of Figure 3 as a guide, these spectra have

been deconvoluted to yield parameters of CQ, ηQ, and δ iso given

in Table 2. (Supplementary information Figure S1† shows the

experimental data and deconvolutions at two field strengths for

this series of spectra.)

The most striking feature is that the core Ga site is always ap-

parent as a narrower lineshape on the high-frequency side of the

spectra. As seen in Table 2, the CQ changes, as a result of the in-

dium incorporation, by over 20% from 5.0 MHz (for Ga13) to 6.1

MHz (Ga7In6) indicating that the core site has experienced larger

distortions. Since the core site is narrow and clearly resolved, it is

the most readily modeled with ηQ and CQ values. In addition to

1D MAS spectra, a 71Ga 3QMAS NMR spectrum was acquired on

the Ga7In6 cluster (see Supplementary Information Figure S2†).

Due to the efficiency of the MQMAS experiment being dependent

on CQ,30,31 the only site observed was that of the core CQ ∼ 6

MHz, and 3QMAS is consistent with the 1D MAS data.

The outer Ga sites are well defined for Ga13, Ga12In1, and

Ga11In2 and as expected, absent for Ga7In6 (consistent with XRD

data). The outer ring is discernible for the Ga10In3, but over-

laps strongly with the rest of the NMR pattern. The outer Ga

sites are all fairly similar, with the most discernible trend being

an increase in CQ with In incorporation. The Ga8In5 spectrum is

nearly identical to that of Ga7In6 with no obvious intensity from

an outer ring gallium in the Ga8In5. One would expect a reso-

nance of approximately equal integrated intensity to that of the

core in Ga8In5 spectrum, and we hypothesize that the lone outer

gallium is broadened too much to be visible in the NMR data be-

cause there is no crystallographic ordering of that single gallium.

Therefore, its positional disorder may cause this Ga site to be in a

different secondary coordination environments.

The middle sites are the most difficult to resolve spectroscopi-

cally, because they have the largest CQ at ∼13 MHz. The Ga7In6

cluster has a well-defined lineshape at the higher magnetic field

(21.1 T), which allows for effective extraction of the quadrupo-

lar parameters. The middle ring gallium site is barely evident at

13.9 T, and it is too broad to be well resolved, except via line

fitting at 21.1 T. The addition of In species in Ga7In6 does not

alter the middle ring Ga resonance appreciably; the CQ values are

comparable to that of Ga13. However, ηQ becomes more sym-

metric with In incorporation as a combination of changes to Ga-O

bond lengths and O-Ga-O bond angles. Notably, the 3QMAS NMR

spectrum could not be used to resolve the middle sites.

3.3 Longitudinal Strain

Longitudinal and shear strain analyses can help establish the rela-

tionship between quadrupolar parameters such as ηQ and CQ and

the distortion of octahedral sites. As demonstrated by Ghose and

Tsang 32 , deviation of bond lengths and angles from an ideal six-
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Table 1 71Ga NMR experimental data computed using CASTEP for the Ga7In6 and Ga13 clusters. Geometry optimized structures for the

heterometallic clusters were calculated within the CASTEP code taking average δ iso, CQ, and ηQ for the middle and outer ring gallium atoms.

Cluster CQ (MHz) ηQ δ iso (ppm)
Core Middle Outer Core Middle Outer Core Middle Outer

Ga7In6 (Exp.)a 6.12 13.11 - 0.05 0.62 - 51.20 50.56 -

Ga7In6 (Comp.)b 6.22 12.85 - 0.03 0.74 - 41.35 75.36 -
Ga13 (Exp.)a,c 5.00 13.91 6.72 0.00 0.78 0.90 60.73 45.58 -0.62

Ga13 (Comp.)b 5.88 12.2 9.38 0.00 0.49 0.95 60.78 48.6 93.57

a) “Exp." are the parameters used to simulate the experimental lineshapes shown in Figure 3 (71Ga NMR).

b) “Comp." are the the values from CASTEP computations on geometry optimized clusters including fifteen NO3
− anions to charge balance it.

c) Parameters are reproduced from reference Ma et al. 12 .

Table 2 71Ga NMR experimental parameters at 21.1 T from Dmfit used for the simulation of NMR lineshapes for the various Ga13−xInx clusters at 21.1

T in Figure 4 (71Ga NMR).

Cluster CQ (MHz) ηQ δ iso (ppm)
Core Middle Outer Core Middle Outer Core Middle Outer

Ga7In6 6.1 13.1 - 0.05 0.62 - 51 51 -
Ga8In5 6.1 12.9 - 0.09 0.61 - 52 48 -
Ga10In3 5.9 13.1 7.6 0.02 0.58 0.84 52.8 50.1 5
Ga11In2 5.9 13.4 7.3 0.01 0.50 0.9 55.3 52.7 2
Ga12In1 5.8 14.0 7.5 0.01 0.63 0.84 58 58 3
Ga13

a 5.0 13.9 6.7 0.00 0.78 0.90 61 46 -1

a) Parameters are reproduced from reference Ma et al. 12 .

Fig. 5 The 71Ga quadrupolar coupling constant (CQ) as a function of the

longitudinal strain (|α|) (the deviation of the M-O bond (M = Ga, In)

lengths from ideal).

coordinate octahedron can be reflected in two parameters, longi-

tudinal strain and shear strain.

Longitudinal strain (|α|) describes the distortions to the M-O

bond lengths, where M is the metal (Ga or In) and O is oxygen,

that deviates from the bond length for an ideal octahedron with

the same volume. Similarly, shear strain |ψ| describes the devi-

ation of the O-M-O bond angle from an ideal octahedral bond

angle of 90◦. Using the atomic coordinates from the single crys-

tal XRD data, we are able to calculate the longitudinal and shear

strain from the analysis of the bond lengths and angles. (At times

average distances, meaning In-O and Ga-O, and bond angles must

be used since In has a fractional occupancy of the outer ring sites.)

The six-coordinate sites present in the tridecameric clusters of-

fer an opportunity to correlate longitudinal strain with the mea-

sured quadrupolar coupling constant, CQ. (Notably, there is no

correlation between CQ and |ψ|, the shear strain parameter for

six-coordinate Al-O species15). Table 3 lists the values calculated

for |α|, for core, middle ring, and outer ring sites, for the series

of clusters studied here. Figure 5 shows a plot of CQ versus |α|,

with the identity of each cluster indicated in the legend. There

is a linear correlation between the calculated value of |α| as a

measure of Ga-O bond length distortions and the experimental

measurement of CQ. Our results are in agreement with trends

found in 27Al NMR of aluminosilicates, where a correlation to six-

coordinate Al was found for |α| but none for |ψ|.32

The trend in CQ also matches the symmetry properties of the

different sites. The core site is axially symmetric as a trigonal an-

tiprism, possessing a three-fold axis (C3v in Schönflies notation),

and has the lowest CQ. The outer sites have nearly C2v symme-

try and fall in the middle of the correlation plot. The largest CQ

values are found for the lowest-symmetry (C1) middle ring sites,

and they also have the largest values for |α| in the series.

Table 3 Longitudinal strain analyses of the heterometallic Group 13

clusters in this study. Both the middle and outer values are calculations

that are based on the average M-O bond lengths (M = Ga, In), since the

XRD has fractional occupancy of gallium or indium in the outer sites.

Octahedron volume for the individual metal sites and the ideal bond

lengths are presented in Supplementary Information Table S1†. The

percent change (% Change) was calculated for the difference between

Ga13 and Ga7In6.

Cluster Core |α| Middle Ring |α| Outer Ring |α|

Ga7In6 0.0478 0.246 -
Ga8In5 0.0509 0.242 -
Ga10In3 0.0420 0.240 0.0923
Ga11In2 0.0435 0.238 0.0960
Ga12In1 0.0417 0.232 0.098
Ga13 0.0423 0.229 0.118
% Change +12% +6.9%
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Looking at the datasets as a whole and referring to Figure 4

and Supplementary Information Figure S1†, several key points

emerge. The middle ring sites are consistently the broadest in

linewidth (CQ at ∼13 MHz), significantly larger than that of

the other two sites. As such, their fitting is always complicated

by having the spectrum spread over such a large range. The

outer ring site has a similar appearance for the Ga13 and Ga12In1

species. The similarity of the outer ring resonance for Ga13 and

Ga12In1 is suggestive that the perturbations from a neighboring

indium are minimal, indicating little structural distortions to the

outer octahedra. This finding of little structural distortion is rein-

forced by the longitudinal strain analysis for the outer ring sites.

The neighboring In species for Ga7In6 appear to have minimal

influence on the middle ring CQ values while causing broadening

with the core site, a trend that is reflected in |α|, as well.

4 Conclusions

A series of heterometallic clusters were studied by 71Ga solid-

state NMR, deconvoluting complex lineshapes into three types of

six-coordinate Ga sites: core, middle ring, and outer ring. The

crystalline species, Ga7In6 and Ga13 were used in conjunction

with CASTEP first-principles calculations to extract quadrupolar

parameters for the lineshapes. These were then extended as “ini-

tial guesses" to simulate spectra using Dmfit for the less-ordered

species, Ga8In5, Ga10In3, Ga11In2, Ga12In1, which all exhibit a

combination of positional disorder and potentially multiple iso-

mers (for Ga10In3 and Ga11In2).

The 71Ga MAS NMR results confirm that indium substitution

only occurs at outer ring positions. There are trends in CQ and

ηQ which are discernible, and longitudinal strain analysis — cor-

relating perturbations to bond lengths in six-coordinate sites with

the quadrupolar coupling parameter — shows a linear correlation

between CQ and |α| for the different types of sites (their corre-

spondingly distorted “octahedra").

The core site is well-resolved and trends related to it can be

easily discriminated: with increasing In content, CQ increases,

largely from changes in bond length, while ηQ remains fairly

steady in this series.

The outer ring site is obtained through line fitting, and its val-

ues change only slightly as In is incorporated, as these sites are

not directly connected to the locations of In substitution. Given

that the coordination environment for the outer ring Ga sites con-

sists of four H2O ligands and two µ-OH ligands, the electric field

gradient is dominated by these different substituents more than

other perturbative influences from the In.

The middle ring sites are, therefore, elucidated only through

CASTEP calculations and Dmfit lineshape simulations. The CQ

values are largest of the three sites, and addition of In does not

lead to a distinguishable trend with respect to CQ. However, ηQ

values do become smaller with In substitution, suggesting that

the six µ-OH bonds surrounding the middle ring shift with In

incorporation to create less distortion to the middle ring site than

that found in the Ga13 parent species.

Gaining insight into the distortions of local chemical envi-

ronments in these clusters and the effect of these on the NMR

quadrupolar lineshapes is important for analyzing the thin films

eventually produced from these precursors.
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71Ga	  NMR	  yields	  lineshapes	  that	  reflect	  the	  different	  coordination	  environments	  in	  
tridecameric	  “Ga13-‐xInx”	  hydroxo-‐aquo	  clusters,	  	  [Ga13-‐xInx(μ3-‐OH)6(μ2-‐OH)18(H2O)24].	  	  Indium	  
substitution	  is	  found	  only	  in	  the	  peripheral	  “outer”	  metal	  sites	  (shown	  in	  green).	  
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