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Abstract

The influence of changes in the contracted Gaussian basis set used for ab initio

calculations of nuclear magnetic resonance (NMR) phosphorous chemical shift anisotropy (CSA)

tensors was investigated. The isotropic chemical shift and chemical shift anisotropy were found to

converge with increasing complexity of the basis set at the Hartree-Fock (HF) level. The addition

of d polarization function on the phosphorous nuclei was found to have a major impact of the

calculated chemical shift, but diminished with increasing number of polarization functions. At

least 2 d polarization functions are required for accurate calculations of the isotropic phosphorous

chemical shift. The introduction of density functional theory (DFT) techniques through the use of

hybrid B3LYP methods for the calculation of the phosphorous chemical shift tensor resulted in a

poorer estimation of the NMR values, even though DFT techniques result in improved energy and

force constant calculations. The convergence of the NMR parameters with increasing basis set

complexity was also observed for the DFT calculations, but produced results with consistent large

deviations from experiment. The use of a HF 6-311++G(2d,2p) basis set represents a good

compromise between accuracy of the simulation and the complexity of the calculation for future

ab initio calculations of 31P NMR parameters in larger complexes.
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Ab Initio Calculation of Nuclear Magnetic Resonance
Chemical Shift Anisotropy Tensors

I. Influence of Basis Set on the Calculation of 31P Chemical Shifts

Introduction

The ability to calculate and correlate material properties directly with molecular structure

remains an important objective in material science. The correlation of the chemical shift or

magnetic shielding in nuclear magnetic resonance (NMR) spectroscopy with bond angles, bond

length, coordination number and neighboring atom interactions has seen a long and rich history

for a wide variety of applications. Recently there has been renewed interest in development of

these NMR-structural correlations for amorphous materials, including polymers[1], composites

and mineral oxide[2,3] and metallic glasses.[4] Due to the difficulty of using standard scattering

techniques to probe local and medium range order in these amorphous systems, NMR has become

a powerful tool to address specific structural questions.

The prediction of NMR chemical shifts from quantum mechanical methods has

undergone major advancements within the last decade, including solutions to the gauge

dependence of the chemical shift [5], improvements in the basis sets and the extension to higher

levels of theory including density functional techniques.[6,7] Also, advances in computational

speed have relaxed many of the restrictions involved in previous investigations of large sized

molecular clusters. For the quantum mechanical calculations of NMR chemical shifts different

degrees of approximations are utilized in order to make the problem computationally tractable.

The choice of basis set used in ab initio NMR shielding calculation has been shown to greatly

influence the predicted NMR chemical shift results for both proton and carbon nuclei. Initial ab

initio calculations for the phosphorous nuclei ( 31P) also reveal large basis set effects, and in

general heavy nuclei require more complex basis sets than calculations involving first row nuclei.

An additional complication for inorganic amorphous materials is that they form three-

dimensional networks compared to the typical one dimensional chains for synthetic organic

polymers, leading to a larger number of structural variables that can influence the observed NMR

chemical shift. It therefore becomes important to separate and distinguish these effects while

providing the most accurate predictions possible.

In this report ab initio calculations of the 31P chemical shift anisotropy (CSA) tensors, at

different levels of basis set complexity, for several simple phosphorous containing compounds

are presented. This allows an optimal basis set, plus the influence of basis set choice, for future

calculations to be addressed.
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Theoretical Background

A. Definition of the NMR Shielding Tensor

The NMR chemical shift tensor is given by the second derivative of the electronic energy, E, with

respect to the external magnetic field B and the nuclear magnetic moment mN

σ ij
N

Nj j B m

d E

dm dB
N

=
=

2

0,

         (1)

Since the atomic orbitals do not depend on the nuclear magnetic moments mN the second

derivative in Eqn. (1) can be evaluated by a step-wise differentiation,

dE
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D

h
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∂
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       (2)

whereDµν are the elements of the one-particle density matrix and hµν are the one-electron

portions of the Hamiltonian. Differentiation of Eqn. (2) with respect to the magnetic field gives
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The evaluation of the shielding tensor σ using Eqn. (3) requires determination of the density

matrix and the perturbed density, but not the perturbed density with respect to the magnetic

moments.

The chemical shielding tensor is commonly referred to as the chemical shift anisotropy

(CSA) tensor due to the possession of second rank properties. The measurement or calculation of

the diagonal components ( σ11, σ22, σ33) in the principle axis system (PAS) allows the complete

description of the CSA tensor. The isotropic or traceless portion of the CSA tensor is given by
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functions φ φ φµ µ µ
' '' '', , , such as the basis set 6-311G, which is composed of 6 Gaussian functions for

the inner shell and the outer three valence functions being composed of three, one and one

Gaussians, respectively.

The next common basis set modification is the addition of polarization functions. This

typically involves the addition of d functions to the heavy nuclei of the form

( , , , , , ) exp( )x y z xy yz zx rd
2 2 2 2−α       (13)

and p polarization functions to hydrogen of the form

( , , ) exp( )x y z rpα 2        (14)

Basis sets modified in this manner are denoted by the (md,np) nomenclature, where m and n refer

to the number of d and p polarization functions. For example, the 6-311G(2d,2p) refers to the 6-

311G basis set described above with the additional 2 d and 2 p polarization functions on heavy

and hydrogen atoms respectively. Diffuse functions can also be added, and are similar to the form

given in Eqn 11.

C. The Gauge Origin Problem

As shown in Eqn. (1) the NMR CSA tensor is given by the interaction of the electrons with the

external magnetic field. The Hamiltonian that describes this interaction can be written using a

vector potential A

�H
e

mc
A p

e

mc
A= − ⋅ +

2

2
2

2
                   (15)

where p is the momentum. Unfortunately there is no unique choice of the vector potential A for a

given static homogenous magnetic field B, giving rise to the question of “Gauge Invariance”.

A solution to this problem was the introduction of a local gauge origin during the

calculation of the NMR shielding tensor. Instead of choosing a single gauge origin to describe the

entire molecule (common gauge), different gauge origins (local gauge) are assigned to each of the

different Gaussians used during the construction of the wave function. The local gauge origins
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Modeling Details

All NMR chemical shift anisotropy (CSA) tensor calculations were performed using the

parallel version of the Gaussian 94 software package.[12] The Gaussian weighting factors (dµ)

and exponentials factors (αu) for the STO-3G, 6-31G and the 6-311G basis, along with the d and

p polarization exponentials αd and αp were the default values and were determined from previous

energy minimization investigations.  Experimental distances and angles were utilized when

available (PH3 and H3PO4). As a comparison the equilibrium structure for PH3, H3PO4 and

H4P2O7 were also calculated at B3LYP/6-311++G(2d,2p) level of theory. For the pyrophosphate,

H4P2O7 a reliable experimental structure was not available, so only a theoretically optimized

geometry was used for the NMR CSA tensor calculations. The distances and angles for these

various structures are depicted in Fig. 1.

All calculations were performed on a multi-node SGI ONYX parallel processor system

using three active nodes (Albuquerque Resource Center, University of New Mexico). Calculation

times ranged from 2 minutes CPU time for low level NMR shielding calculations to over 6 days

CPU time for DFT level optimization and NMR shielding calculation.
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Results

The trace or isotropic value plus the principal components of the chemical shift tensor,

along with the CSA anisotropy, ∆δ, and asymmetry parameter, η, obtained using ab initio HF and

hybrid density functional B3LYP level calculations for PH3 are given in Tables I and II,

respectively. These calculations used the experimentally determined geometry. Structures based

on geometry optimization at the B3LYP-6-311++G(2d,2p) level of theory were equivalent to the

experimental values. These angles and lengths are depicted in Fig. 1

The isotropic chemical shift and principal components of the chemical shift tensor, along

with the CSA anisotropy, ∆δ, and asymmetry parameter, η, using ab initio HF and hybrid density

functional B3LYP level calculations for phosphoric acid H3PO4 (experimentally determined
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Figure 1: Compound Geometries
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geometry) are given in Table III and IV respectively. HF and B3LYP calculations for

computationally optimized structures are given in Tables V and VI, respectively. The angles and

distances utilized are depicted in Fig. 1. The isotropic chemical shift, referenced to PH3 (δ = - 240

ppm) at the same level of theory is also given in Tables III, IV, V, VI

The isotropic chemical shift,  principal components of the chemical shift tensor, along

with the CSA anisotropy, ∆δ, and asymmetry parameter, η, using ab initio HF and hybrid density

functional B3LYP level calculations for the computationally optimized structure of the H4P2O7

cluster are given in Table VII and VII, respectively. The angles and distances of the structure

utilized are depicted in Fig. 1. The relative isotropic chemical shift referenced to both of the

standards PH3 or H3PO4 are given in Tables VII, VIII.

Conclusions

Inspection of Tables I-VIII clearly shows that the choice of basis set influences the

calculation of the CSA tensor. The variations will be discussed in two separate sections: 1) the

influence of basis set on the trace or isotropic component, and 2) the influence of basis set on the

anisotropic nature of the CSA tensor.

A. Basis Set Influence on Isotropic Chemical Shifts Calculations

The absolute theoretical isotropic chemical shifts were negative with respect to a bare nucleus

for all the compounds investigated. This corresponds to a shielded nucleus, or lower observation

frequency than a bare nucleus, and is what would be expected, since the term chemical shift refers

to the shielding of the bare nucleus by electrons from the nucleus of interest as well as

neighboring atoms. With increasing complexity of theory there is a steady decrease in the

absolute chemical shift, corresponding to a higher observation frequency or a relative deshielding

of the nucleus. This deshielding effect is clearly visible in Figures 2,3,4 (below). It is interesting

to note that increasing the number of functionals in the split valence, as well as increasing the

number of Gaussians in the expansion produces a deshielding effect. The change in isotropic

chemical shift observed between basis sets (ie. 6-31G to 6-311G) is approximately 30 to 40 ppm,

and is similar for all the compounds investigated. The same order of magnitude variation was

observed for both HF and DFT B3LYP calculations. The similarity between HF and DFT

variations is also evident in the discussion of correlations (vide infra).



16

HF (PH3)

Number d Functions

0 1 2 3

δ c
s (

pp
m

)

-780

-760

-740

-720

-700

-680

-660

-640

-620

-600

-580

-560

STO-3G
3-21G
6-31G
6-311G

B3LYP (PH3)

Number d Functions

0 1 2 3

δ c
s (

pp
m

)

-720

-700

-680

-660

-640

-620

-600

-580

-560

-540

STO-3G
3-21G
6-31G
6-311G

Figure 2: Effect of d Polarization Functions (PH3)



17

HF (H3PO4)

Number d Functions

0 1 2 3

δ c
s (

pp
m

)

-650

-600

-550

-500

-450

-400

-350

-300

STO-3G
3-21G
6-31G
6-311G

B3LYP (H3PO4)

Number d Functions

0 1 2 3

δ c
s (

pp
m

)

-600

-550

-500

-450

-400

-350

-300

-250

STO-3G
3-21G
6-31G
6-311G

Figure 3: Effect of d Polarization Function (H3PO4)



18

HF (H4P2O7)

Number d Functions

0 1 2 3

δ c
s (

pp
m

)

-650

-600

-550

-500

-450

-400

-350

-300

STO-3G
3-21G
6-31G
6-311G

B3LYP (H4P2O7)

Number d Functions

0 1 2 3

δ c
s (

pp
m

)

-600

-550

-500

-450

-400

-350

-300

-250

STO-3G
3-21G
6-31G
6-311G

Figure 4: Effect of d Polarization Function (H4P2O7)



19

The influence of polarization functions and diffuse functions on the NMR calculations can also be

seen from inspection of Tables I-VIII. The inclusion of the first diffuse function has the largest

impact, decreasing the observed chemical shift approximately 1 to 7 ppm. The introduction of the

second diffuse function has a smaller effect, decreasing the calculated chemical shift

approximately 0.2 to 0.7 ppm. The impact of the diffuse function becomes smaller with

increasing number of d polarization functions utilized in the basis set. These observations suggest

that 2 diffuse functions be utilized in the basis set of choice when possible. The introduction of

the p polarization functions on the hydrogen atoms produces an approximately 0.1 to 1 ppm shift

of the isotropic chemical shift, with an approximately 3 ppm variation in PH3. This observation

reveals that the hydrogen wave functions have only a small inpact on the phosphorous chemical

shift, even in cases where the hydrogens are directly bonded. The variations in chemical shift due

to diffuse and p polarization functions are both smaller in comparison to the variations

encountered with introduction of d polarization functions on the phosphorous and oxygen nuclei.

Fig. 2 shows the variation of the chemical shift of PH3 with number of d polarization functions

for both the HF and B3LYP calculations. Very large changes are noted with the addition of the

first d function for all basis sets investigated. For H3PO4 (Fig. 3) and H4P2O7 (Fig. 4) a large

variation is observed with the addition of two d polarization functions. No more than a single d

polarization function is allowed for the STO-3G and the 3-21G basis set, precluding them for

future investigations. For both HF and B3LYP methods the isotropic chemical shifts were found

to converge for a given basis set once one or two d polarization functions have been included.

These observations suggest that basis sets with at least two d polarization functions and two

diffuse functions are required to obtain convergence of the observed chemical shifts. Similar

conclusions have been previously reported.[13]

We have observed an approximately linear relationship between the isotropic chemical

shifts calculated using HF and B3LYP methods as shown in Fig. 5. These relationships can be

used to compare future results obtained from either method. These linear correlations also reveal

that the DFT B3LYP simply produces a scaling factor. 

Of the compounds investigated, the absolute isotropic chemical shift of only PH3 is

known. In experimental NMR investigations, chemical shifts are typically referenced to some

standard, to produce a relative chemical shift scale. Experimentally, in both solution and solid

state 31P NMR, phosphoric acid is the external primary reference (δiso = 0.0 ppm). The lack of an

absolute chemical shift value for this compound, plus the possible influence of hydrogen bonding

makes this a poor choice for referencing of ab initio calculations. The accepted standard for
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referencing of computational results is PH3, for which an absolute chemical shift is known (δ = -

594 ppm).

Inspection of Table I show that at the HF level the 6-311G basis set results agree with

observed experimental values, if polarization functions are employed. Using the B3LYP method

the 6-31G basis set, with polarization functions, produces values nearest experimental, while

increasing the complexity of the basis set to 6-311G under-estimates the chemical shift by

approximately 30 ppm, if any polarization functions are employed. For H3PO4 (Tables III-VI) a

similar trend is observed, with the HF method and the 6-311G basis set producing results

consistent with the relative experimental chemical shift if polarization functions are employed,

while the use of the B3LYP method over-estimated the relative chemical shift by approximately

30 ppm. This is assuming that that the relative H3PO4 chemical shift (with respect to PH3) is δ =

0.0 ppm.

The difference between the experimental geometry and the computationally optimized

geometry produces a difference in the isotropic chemical shift of approximately 5 ppm. This

result again highlights one of the difficulties of using H3PO4 as a computation standard. Changes

in chemical shift due to variations in local structure (bond lengths and angles) as well as the

impact of hydrogen bonding will be detailed in a subsequent report.

For the pyrophosphate H4P2O7 cluster the HF method and the 6-311G basis set, the

calculated chemical shifts are consistent with experimental values, while the B3LYP method

over-estimates the chemical shift by approximately 30 ppm. It is interesting to note that using the

H3PO4 (experimental geometry) as the primary reference produces very similar isotropic chemical

shifts for both the HF and B3LYP method. Whether this is fortuitous or represents the mutual

cancellation of a basis bias due to referencing to a structurally related compound remains to be

determined. From these investigations it appears that HF calculations produce results that are

more consistent with experimentally determined values, than results obtained using the DFT

B3LYP method.

B.  Basis Set Influence on Chemical Shift Anisotropy Calculation

The influence of basis set, polarization functions and diffusive functions on the chemical

shift anisotropy ∆δ are much smaller than variations observed for the isotropic chemical shift. For

example, in PH3 only the primitive STO-3G basis set was unable to produce theoretical

anisotropies close to the experimental values. Use of the B3LYP method tended to over-estimated

the magnitude of ∆δ by 10 to 30 ppm. For H3PO4 the calculated ∆δ is approximately –80 ppm
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different than observed experimentally. This difference has been attributed to averaging of ∆δ due

to molecular motion (even at 175K) or due to hydrogen exchange via intermolecular hydrogen

bonding. Thermal motion may be a reasonable explanation since at room temperature molecular

motion completely averages ∆δ to zero, but similar discrepancies in the pyrophosphate ∆δ (vide

infra) suggest a bias in the calculations. Unfortunately this makes comparison between theory and

experiment difficult.

A large difference between theoretical and experimental ∆δ was observed in the

pyrophosphate cluster H4P2O7, where the experimental ∆δ is approximately 60 ppm smaller than

the calculated value using any of the basis sets. Molecular motion may also be responsible for

partial averaging of the anisotropy in the pyrophosphate, but for anionic phosphate dimers of the

type (O3P-PO3)
-2 M+2, (where motion is not expected) ∆δ range between –100 and -120 ppm.[14]

The calculated results obtained using the B3LYP method over-estimate ∆δ an additional 30 ppm.

The reason for the large discrepancy between theory and experiment remains undetermined. The

possibility that improved electronic correlation functionals for the DFT method needs to be

investigated. With the level of theory presently available this large error must be recognized,

precluding the calculation of absolute ∆δ values. Trends and changes in magnitude could be

evaluated using present theory, with the introduction of some scaling factor.

A correlation between the ∆δ values obtained using HF and B3LYP methods was also

observed. These approximately linear correlations are shown in Figure 6 for PH3, H3PO4, H4P2O7.
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Summary

Ab initio claculations of the isotropic chemical shift and the chemical shift anisotropy

were found to converge with increasing complexity of the basis set for both HF and DFT B3LYP

methods. The addition of d polarization function on the phosphorous nuclei was found to have a

major impact on the calculated chemical shift, with a smaller effect on the anisotropy. The effect

was diminished with increasing number of polarization functions. At least 2 d polarization

functions are required for accurate calculations of the isotropic phosphorous chemical shift. The

introduction of DFT techniques via the hybrid B3LYP method resulted in poorer estimation of the

isotropic chemical shift and the chemical shift anisotropy, even though DFT techniques result in

improved energy calculations. While the DFT methods produced agreement with the isotropic

chemical shift at lower levels of theory, the large fluctuations in the anisotropy with small

changes in the number of polarization functions or diffuse functions make them a poor choice for

investigations of a variety of simple phosphates. A linear correlation between HF and B3LYP

NMR results was observed. These results suggest the HF method and the 6-311++G(2d,2p) basis

set represent a good compromise between accuracy of the simulation and the complexity of the

calculation for future ab initio investigations of larger complexes.
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