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Recent developments in solid-state NMR techniques helped acquire high-resolution NMR spectra for solid
systems with structural disorder. But the structural origin of the observed chemical shift nonequivalence in
these systems has not been revealed. We report a quantum chemical investigation of the solid-state NMR
spectrum in N,N-bis(diphenylphosphino)-N-((S)-R-methylbenzyl)amine, where eight nonequivalent 31P NMR
chemical shifts were resolved with a range of 13.0 ppm. Results from using different quantum chemical
methods, computational algorithms, intermolecular effects, and structures indicate that for the disordered
system, geometry optimization gives the best accord with experimental NMR chemical shifts, which has a
theory-versus-experiment correlation R2 ) 0.949 and SD ) 1.1 ppm, or R2 ) 0.994 and SD ) 0.4 ppm when
the average of two unassigned NMR shifts for each molecule is used. In addition, these calculations indicate
that the experimental chemical shift nonequivalence in this system is mainly a consequence of the different
geometries around the phosphorus atoms due to disordered environments. The experimental 31P NMR chemical
shifts are well correlated (R2 ) 0.981) with two conformation angles and one bond length, each associated
with one of the three bonding interactions around the phosphorus atoms. These results will facilitate the use
of quantum chemical techniques in structural characterization of disordered solids and elucidation of NMR
properties.

Introduction

NMR spectroscopy is a powerful technique that can provide
fingerprints of molecular and biomolecular structures as well
as the associated structural changes. Recent developments in
solid-state NMR spectroscopy have advanced these studies to
many disordered solid systems, such as fibrils of proteins,1,2

protein-peptidoglycan complexes,3 cellulose,4,5 silicates,6 poly-
mers,7 and glasses,8 as well as structural disorder in crystalline
solids.4,5 Different NMR chemical shifts were observed for the
same molecules in the different environments in the disordered
systems, producing the so-called chemical shift nonequivalence.
Previous investigations of proteins and relevant peptides indicate
that numerous specific structural information can be extracted
from the NMR chemical shift nonequivalence when quantum
chemical methods were used.9-12 However, little work has been
done in the quantum chemical investigations of NMR chemical
shifts in disordered solids.6 In particular, there are no quantum
chemical investigations reported to disclose the structural origins
of the NMR chemical shift nonequivalence in disordered solids.
Since many chemical and biochemical systems have disordered
structures and high-resolution NMR spectra can now be acquired
for these systems, it will be useful to decipher these NMR
fingerprints to obtain specific structural information through the
assistance of quantum chemical investigations, which should
facilitate structural characterizations of these systems.

In this paper, we report a quantum chemical investigation of
the solid-state 31P NMR spectrum of N,N-bis(diphenylphos-
phino)-N-((S)-R-methylbenzyl)amine.4,5 As shown in Figure 1A,
there are four molecules in a crystal structural unit and each
molecule has two different phosphorus atoms.13 It is interesting

to note that all of these eight phosphorus atoms experience
different environments, which can now be resolved by using
advanced solid-state NMR techniques developed recently.4,5

These NMR shifts exhibit an experimental range of 13.0 ppm
in the high-resolution spectrum. This range is comparable to
those seen with solid-state 13C NMR shifts of amino acids in
peptides and proteins investigated previously by using quantum
chemical methods,10-12 which suggests that a quantum chemical
investigation of these 31P NMR experimental data may also be
able to determine the structural origin of this observed chemical
shift nonequivalence. Results from a comprehensive set of
calculations with a variety of quantum chemical methods, NMR
computational formalisms, and approaches to account for
intermolecular interactions suggest that geometry optimization
is required to enable best accord with experiment (the theory-
versus-experiment correlation coefficient is R2 ) 0.95 with SD
) 1.1 ppm). In addition, excellent correlations between the
experimental NMR chemical shifts and local geometric param-
eters were found with R2 ) 0.98.

Computational Details

Each of the four molecules in the crystal structural unit
(Figure 1A) was calculated and in all calculations, the complete
molecular structure of N,N-bis(diphenylphosphino)-N-((S)-R-
methylbenzyl)amine consisting of 64 atoms was used, as shown
in Figure 1B. The 6-311++G(2d,2p) basis for all atoms was
employed based on previous investigations of 31P NMR chemi-
cal shifts,14,15 resulting in 1251 basis functions for each molecule.
To calculate 31P NMR chemical shielding properties, both ab
initio Hartree-Fock (HF) and density functional theory
(DFT-B3LYP17,18) methods were used, together with two NMR
computational formalisms: gauge-independent atomic orbital* To whom correspondence should be addressed.
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(GIAO)19 and the continuous set of gauge transformations
(CSGT)20 methods as implemented in Gaussian 03 and Gaussian
98 programs.21,22 Additional calculations incorporating a large
range of intermolecular effects were also carried out by using
two different theoretical treatments. One uses the charge field
perturbation (CFP) approach23,24 as described in ref 14, which
basically employs a large charge lattice placed in positions based
on crystal structure symmetry to simulate the environment
around the central molecule of interest. This CFP approach was
found to effectively improve the predictions of 31P NMR shifts
in some compounds.14,15 The other way to account for the
environmental effect is to use a “solvent” model with the self-
consistent reaction field (SCRF) method with the PCM
formalism25-29 in the Gaussian 03 program, as used previously
in NMR chemical shift predictions.12

In addition to the above calculations with the experimental
X-ray structure for N,N-bis(diphenylphosphino)-N-((S)-R-me-
thylbenzyl)amine,13 another set of calculations were also done
with partial geometry optimizations of phosphorus atoms and
their directly bonded atoms. To facilitate the geometry optimiza-
tion calculations, a locally dense basis set scheme was used,
with the 6-31G(d), 6-311G(d), and 6-311G(2d) basis sets used
for the phosphorus atoms and their directly bonded atoms in
respective calculations, while the remaining atoms in the
molecules were treated with a 6-31G(d) basis. This is basically
the approach used previously to evaluate 31P NMR chemical

shifts in some other phosphorus-containing compounds.15

Regarding the geometry optimization methods, in addition to
the hybrid HF-DFT method B3LYP and mPW1PW91,30,31 we
also investigated a couple of pure DFT methods in the Gaussian
03 program. One is BVWN5 with the Becke exchange func-
tional32 and VWN5 correlation functional,33 and the other is
mPWVWN with the modified Perdew-Wang 1991 (mPW)
exchange functional30 and VWN correlation functional.33

Since the absolute values of experimental 31P NMR chemical
shieldings cannot be well reproduced directly from the calculated
31P NMR chemical shieldings (σcalc),14,15 the predicted 31P NMR
chemical shifts (δcalc) were computed from the linear regression
between the calculated 31P NMR chemical shieldings (σcalc) and
the experimental NMR chemical shifts (δexpt), as done before.14,15

Results and Discussion

The computed 31P NMR chemical shifts (δcalc) together with
the corresponding experimentally5 measured chemical shifts
(δexpt) are listed in Table 1, while the computed 31P NMR
chemical shieldings (σcalc) are presented in Table S1 in the
Supporting Information. Consistent with the experimental
observation of eight different 31P NMR shifts for the eight
phosphorus atoms in the crystal structural unit, all our compu-
tational results showed eight distinguishable shifts, as shown
in Table 1. The assignment of these shifts is based on both
experimental NMR investigations showing four pairs of peaks
in the spectrum for the four different molecules in the crystal
unit (1, 1′, 2, 2′, 3, 3′, 4, 4′) and the computational results to
match lower chemical shielding with higher chemical shift.14,15

The first series of NMR calculations for this disordered system
were performed with the use of the X-ray structure, as done
previously in the quantum chemical investigations of 13C and
31P NMR chemical shifts in some ordered systems.11,12,14,15 As
shown in Table 1, using the GIAO NMR computational
approach, the calculated 31P NMR chemical shifts for these eight
nonequivalent sites have a good correlation (R2 ) 0.899) with
experimental values, when the previously used HF/6-
311++G(2d,2p) method was used. The standard deviation is
1.6 ppm, which is not large, indicating that generally these
calculations are good. This suggests that the X-ray structure is
able to provide a good estimate of the experimental chemical
shift nonequivalence. As shown in Table 2, the local bond
lengths and angles around the phosphorus atoms are of small
ranges, while the conformation angles of the phenyl rings that
are attached to the phosphorus atoms (∠N-P-C-CA and
∠N-P-C-CB; see an example in Figure 1B and definitions
in the footnote of Table 2) have a large variation of ∼200°,
showing a large disorder in this solid system. Consistent with
this observation, no correlations between the experimental 31P
NMR shifts and local bond lengths/angles can be found, while
there is a good correlation between the absolute sine values of
these two angles and δexpt values, with R2 ) 0.880.

However, these NMR shift predictions are still inferior to
previous calculations of experimental 31P NMR chemical shifts
in other solid systems, which has a better correlation of R2 )
0.95.14 Additional calculations were also done by using this
X-ray structure with the use of the B3LYP method that
incorporates the electron correlation effect compared to the
above used HF method, a couple of computational measures
that take into account the environmental intermolecular effect
using the charge field perturbation (CFP) approach14,15,23,24 and
a continuum model (SCRF),12 and another NMR property
computational algorithm CSGT method. But as shown in Table
1, no improvements were obtained. These results indicate that

Figure 1. (A) The crystal structure of N,N-bis(diphenylphosphino)-
N-((S)-R-methylbenzyl)amine (P, orange ball; C, gray; N, blue; H,
white) and (B) its molecular structure with hydrogen atoms omitted
for clarity.
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with this X-ray crystal structure, there is hardly any improve-
ment that can be made. In addition, as shown in Table 3, there
is basically no improvement in the shift-geometry correlations
when either P-N bond length or the average P-C bond length
was added in the regression. In contrast, local bond lengths
around the phosphorus atoms were found to have important
effects on the calculated NMR chemical shieldings/shifts in
previous investigations of other phosphorus-containing sys-
tems.14-16 These results suggest that while the overall conforma-
tions in this X-ray structure are good to reproduce the major
part of experimentally observed chemical shift nonequivalence
(R2 ) 0.880), the local bond lengths around the phosphorus
atoms may need to be further refined. Previous investigations
indicate that in some solid systems partial geometry optimization
of the X-ray structure for the sites of interest is required to enable
excellent predictions of spectroscopic properties including NMR
shifts.16,34-38

Therefore, the next series of NMR calculations were per-
formed with the structures of the phosphorus sites (phosphorus
plus directly bonded atoms) being optimized while the remaining
atoms in the molecule were fixed in their original crystal
structural positions, to maintain the disordered environments
(e.g., large variations of phenyl ring conformations) seen in the
experiment. Indeed, as shown in the following section, this
partial geometry optimization is able to recover the experimental
chemical shift nonequivalence to an excellent level with R2 )
0.98. Several computational methods were investigated on the
geometry optimization, with the NMR shift predictions done
by using the same, best method, GIAO-HF/6-311++G(2d,2p),
from the above NMR calculations (Table 1).

We first used B3LYP/6-31G(d) for geometry optimization
and indeed, as shown in Table 1, the R2 is now improved to
0.945, a value similar to our previous calculations of 31P
chemical shifts in ordered solid molecular systems.14 The SD

TABLE 1: Experimental and Computed 31P NMR Chemical Shifts (ppm)a

structure method 1 1′ 2 2′ 3 3′ 4 4′ R2 SD

δexpt 47.3 50.5 51.0 56.7 55.8 60.3 57.0 57.5
X-ray GIAO HF/6-311++G(2d,2p) δcalc 47.2 48.8 52.9 57.2 56.7 60.2 54.5 58.7 0.899 1.60

B3LYP/6-311++G(2d,2p) δcalc 48.2 48.3 51.7 58.7 56.7 60.3 54.8 57.5 0.896 1.62
HF/6-311++G(2d,2p) + CFP δcalc 47.3 48.2 53.3 57.5 56.4 60.1 54.4 58.8 0.871 1.83
HF/6-311++G(2d,2p) + SCRF δcalc 47.2 48.8 52.9 57.4 56.5 60.3 54.2 58.8 0.889 1.68

CSGT HF/6-311++G(2d,2p) δcalc 47.3 48.6 53.1 57.0 56.6 60.4 54.3 58.9 0.883 1.73
B3LYP/6-311++G(2d,2p) δcalc 46.8 48.8 53.3 57.5 56.8 60.0 54.4 58.5 0.884 1.73
HF/6-311++G(2d,2p) + CFP δcalc 47.5 47.9 53.5 57.4 56.3 60.3 54.2 59.1 0.849 2.01

Opt: B3LYP/6-31G(d) GIAO HF/6-311++G(2d,2p) δcalc 48.4 49.5 51.2 56.4 55.3 61.5 55.3 58.5 0.945 1.15
Opt: B3LYP/6-311G(d) HF/6-311++G(2d,2p) δcalc 48.3 49.6 51.4 56.3 55.1 61.7 55.2 58.6 0.938 1.23
Opt: mPW1PW91/6-31G(d) HF/6-311++G(2d,2p) δcalc 48.0 49.8 51.8 55.9 55.0 62.0 54.8 58.9 0.916 1.45
Opt: BVWN5/6-311G(2d) HF/6-311++G(2d,2p) δcalc 48.8 49.2 50.5 57.0 55.6 61.2 55.6 58.1 0.948 1.12
Opt: mPWVWN/6-311G(2d) HF/6-311++G(2d,2p) δcalc 48.7 49.3 50.7 56.9 55.5 61.3 55.5 58.2 0.949 1.11

a The experimental NMR shifts and X-ray structure are from refs 5 and 13, respectively.

TABLE 2: 31P NMR Chemical Shieldings and Geometric Parametersa

structure
σcalc

(ppm)
RP-N

(Å)
RP-C

(Å)
RP-C′
(Å)

avRP-C

(Å)
∠C-P-C

(deg)

av∠N-P-C
(deg)

∠N-P-C-CA

(deg)
∠N-P-C-CB

(deg)

X-ray 1 325.2 1.729 1.827 1.827 1.827 100.6 104.7 -82.6 -11.2
1′ 323.4 1.708 1.835 1.840 1.838 100.7 106.0 83.2 -11.2
2 318.7 1.716 1.831 1.845 1.838 100.9 105.8 -87.7 -30.5
2′ 313.9 1.719 1.823 1.825 1.824 103.7 105.2 49.9 -118.2
3 314.4 1.709 1.827 1.842 1.835 101.7 105.2 7.2 -76.5
3′ 310.5 1.727 1.830 1.841 1.836 100.8 103.2 25.5 79.3
4 316.9 1.705 1.835 1.841 1.838 99.8 105.3 2.8 -74.7
4′ 312.1 1.732 1.823 1.838 1.831 101.4 104.9 24.3 84.2

optimized by
mPWVWN/6-311G(2d)

1 321.9 1.735 1.847 1.829 1.838 104.2 105.1 84.2 -11.6

1′ 321.2 1.752 1.843 1.827 1.835 104.0 103.8 -81.3 -10.5
2 319.5 1.739 1.817 1.832 1.825 103.0 103.7 -86.0 -31.2
2′ 312.0 1.739 1.855 1.838 1.847 99.8 104.9 50.3 -118.9
3 313.6 1.739 1.851 1.830 1.841 100.7 103.7 8.3 -77.5
3′ 306.6 1.753 1.849 1.829 1.839 100.2 104.1 25.4 77.7
4 313.6 1.750 1.843 1.825 1.834 100.7 104.2 3.4 -75.5
4′ 310.4 1.742 1.834 1.854 1.844 99.3 103.7 24.6 82.6

a X-ray results are from ref 13. ∠N-P-C-CA are the dihedral angles of the two phenyl rings attached to each phosphorus atom. With
respect to the other phosphorus atom, CA and CB are on the same sides of the N-P-C plane. But regarding the methylbenzyl group, CA is on
the same side, while CB is on the opposite side. See Figure 1B for an example.

TABLE 3: R2 Values for Correlations between Experimental NMR Chemical Shifts and Geometric Parameters

structure
δexpt vs |sin∠N-P-C-CA|,

|sin∠N-P-C-CB|
δexpt vs |sin∠N-P-C-CA|,

|sin∠N-P-C-CB|RP-N

δexpt vs |sin∠N-P-C-CA|,
|sin∠N-P-C-CB|avRP-C

X-ray 0.880 0.880 0.894
Opt: B3LYP/6-31G(d) 0.867 0.963 0.884
Opt: B3LYP/6-311G(d) 0.867 0.967 0.882
Opt: mPW1PW91/6-31G(d) 0.869 0.957 0.901
Opt: BVWN5/6-311G(2d) 0.865 0.971 0.869
Opt: mPWVWN/6-311G(2d) 0.866 0.981 0.869
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is now dropped to 1.15 ppm, from 1.60 ppm when the original
X-ray structure was used. This supports the hypothesis that the
relatively poor performance of the calculations in the previous
section is due to the poor structure for the phosphorus sites in
this disordered system. It is interesting to note that with this
optimized structure (Table S2, Supporting Information), the
correlation between δexpt and the two conformation angle terms
plus the P-N bond length to have significantly improved with
R2 ) 0.963, from 0.880 with the X-ray structure alone. This
again supports the above hypothesis and the use of geometry
optimization. The correlation result in Table 3 suggests that
adding the P-C bond length information does not improve the
correlation. This could be a result of the relatively longer bond
lengths compared to P-N bonds (see Table 2 and in the
Supporting Information Table S2) and thus a smaller impact
on the phosphorus electron shielding effect, and/or that the P-C
bond lengths (distances between the phosphorus atom and its
attached phenyl rings) and both phenyl conformation angles are
affected by the disorder in a very similar way and thus do not
provide major new information. Regressions with more than
three geometric parameters were abandoned due to overparam-
etrization.

The same trends of improvement in NMR shift predictions
and shift-geometry correlations were also observed with the
optimizations with several other methods, as shown in Tables
1 and 3. These results further support the use of geometry
optimization to interpret the experimental 31P NMR chemical
shifts in this disordered system. Comparisons among the data
from using different quantum chemical methods nevertheless
indicate different effects. Compared to the B3LYP method that
contains a 20% Hartree-Fock exchange component,17 the use
of more Hartree-Fock exchange (25%) in another hybrid HF-
DFT method mPW1PW91, which was found to yield good
results of optimized geometries in other molecular systems,30,39-42

actually results in reduction in performance in both NMR shift
predictions (Table 1) and shift-geometry correlations (Table 3).
Consistent with this observation of the effect of the HF
exchange, the pure DFT methods (BVWN5 and mPWVWN)
without any Hartree-Fock exchange produced better results.
The best NMR shift predictions are from using the new pure
DFT method mPWVWN, which is made by combining the
modified Perdew-Wang 1991 (mPW) exchange functional30

and VWN correlation functional.33 This method results in R2 )
0.949 and SD ) 1.1 ppm, as illustrated in Figure 2 by square
points. When the average of the two unassigned NMR shifts
for each molecule is used (since the NMR experiment cannot

give a definitive assignment for the two phosphorus atoms within
the same molecule), the theory-versus-experiment correlation
is even better, with R2 ) 0.994 and SD ) 0.4 ppm. This is
illustrated by the star points in Figure 2. Given the small range
of experimental NMR data (13.0 ppm), this performance is quite
good and similar to that of previous studies of ordered solids.14

The optimized structure from using the mPWVWN method
also yields the best correlation between the experimental NMR
chemical shifts and the geometric parameters. As illustrated in
Figure 3, the predicted NMR chemical shifts from the following
regression

have an excellent linear correlation (R2 ) 0.981) with the
experimental data. The statistical p value for this regression is
0.00064. In contrast, the R2 and p values for the regression of
the two conformation terms alone are 0.866 and 0.0065,
respectively. Therefore, both R2 and p values indicate that the
above three-parameter regression is better. This is consistent
with the fact that each phosphorus atom is bonded to three
groups: one nitrogen atom and two phenyl rings. This also
suggests that all three bonding interactions around the phos-
phorus atoms are important in affecting the 31P NMR chemical
shifts.

Conclusions

The results we have described above are of interest for a
number of reasons. First, these calculations give the first accurate
predictions of the 31P NMR chemical shifts in a disordered solid
system with R2 ) 0.95 and SD ) 1.1 ppm for an experimental
range of 13.0 ppm, or with R2 ) 0.994 and SD ) 0.4 ppm
when the average of the two unassigned NMR shifts for each
molecule is used. This is of interest in the context of structural
elucidation for disordered solids of various chemical and
biochemical systems. Second, our results indicate that geometry
optimization gives the best accord with experiment for the
structural investigation of NMR chemical shifts in the disordered
system. Third, the structural origin of the experimentally
observed NMR chemical shift nonequivalence in a disordered
system was uncovered. The experimental 31P NMR chemical
shifts are mostly affected by the conformations of the two phenyl

Figure 2. Plot of the calculated versus experimental 31P NMR chemical
shifts for the structure partially optimized by using the mPWVWN/6-
311G(2d) method.

Figure 3. Plot of the predicted versus experimental 31P NMR chemical
shifts for the structure partially optimized by using mPWVWN/6-
311G(2d) calculations. The predicted values were obtained from the
regression eq 1.

δpred(ppm) ) 3.540|sin∠N-P-C-CA|+
14.06|sin∠N-P-C-CB|+227.2RP-N - 353.8 (1)
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rings that are attached to the phosphorus atoms. In addition,
with the improved bond length from geometry optimization,
the experimental NMR shifts can now be well correlated (R2 )
0.981) with the three geometric parameters that reflect the
interactions between each phosphorus atom and all of its three
bonded groups. Taken together, these results should facilitate
the use of quantum chemical methods for the structural
characterization of the disordered solids and elucidation of
NMR properties.
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