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Abstract. We report a combined experimental-theoretical study on the 31P NMR chemical shift for a number of trans-platinum(II) complexes. Validity and 
reliability of the 31P NMR chemical shift calculations are examined by comparing with the experimental data. A successful computational protocol for the 
accurate prediction of the 31P NMR chemical shifts was established for trans-[PtCl2(dma)PPh3] (dma = dimethylamine) complex. The reliability of the computed 
values is shown to be critically dependent on the level of relativistic effects (two-component vs. four component), choice of density functional, dynamical 
averaging, and solvation effects. Snapshots from ab initio molecular dynamics simulations were used to identify those solvent molecules which show the 
largest interactions with the platinum complex, through inspection by the non-covalent interaction program. We observe satisfactory accuracy from the full 
four-component matrix Dirac-Kohn-Sham method (mDKS) based on the Dirac-Coulomb Hamiltonian, in conjunction with the KT2 density functional, and 
dynamical averaging with explicit solvent molecules.

Introduction 
In the last decade, based on an improved understanding of the 
mechanism of action of anticancer platinum drugs,1-9 
trans-platinum complexes have demonstrated antitumor 
activity. Such emerging non-classical platinum complexes may 
lead to the development of better platinum drugs, in an attempt 
to minimize the severe side effects of cisplatin, one of the most 
important platinum complexes that exhibit antitumor 
activity.10-11 
Crucial for establishing the mechanism of action of platinum 
complexes is their speciation in water solution, which has been 
studied in detail by several techniques.12-16 Nuclear Magnetic 
Resonance (NMR) spectroscopy, in particular the multinuclear 
variants, is an useful tool for understanding the aquation of 
complexes under physiological conditions,17-18 and very 
convenient to connect theory and experiment.19 For platinum 
complexes containing aliphatic amines in a trans configuration, 
NMR studies demonstrated a direct relationship between the 
aquation process, the complexes’ structure and their 

cytotoxicity.20 Compounds with hydrophobic ligands like the 
phosphine PPh3 and PMe2Ph in a trans configuration to an 
aliphatic amine were shown to be very active.21 However, there 
is no information about the aquation process of those 
compounds, not only because of their low solubility, but also 
because dimethyl sulfoxide (DMSO) overlaps with the aliphatic 
1H NMR signals making the detection of the species very 
difficult. In this regard, the use of 31P NMR provides an 
alternative route for the characterization of the coordination 
sphere of these drugs.21 Therefore, an accurate prediction of 
the 31P chemical shifts is essential for assigning experimental 
spectra of these species in solution. 
 
So far, the accurate prediction of heavy-metal nucleus NMR 
parameters poses challenges for quantum chemistry.22-24 
Calculated relativistic effects in the vicinity of a heavy metal are 
generally very sensitive to the character of metal-ligand 
bonding and the inclusion of environmental effects. Hence, 
specific difficulties arise when solvation is expected to be 
important, for which it is necessary to go beyond a static 
description and one needs to include the solvent dynamics. For 



 

 

instance, there is evidence demonstrating that conformational 
dynamics is essential for a proper determination of the NMR 
chemical shifts in various transition-metal complexes.25 
Examples of such assessments are the studies of Autschbach 
and co-workers for various Pt, Hg, and Pt-Te bonded 
complexes,26-29 as well as the calculations performed by Bühl 
and co-workers for a number of Fe, Mn, V, and Co complexes.30-
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Although selected strategies have been employed before to 
treat these individual effects (e.g. molecular geometry, 
relativistic approximation, solvent), the reliable prediction and 
interpretation of NMR parameters still remains a major 
challenge in numerous transition-metal complexes. Intrigued by 
these considerations, we decided to carry out a combined 
experimental-theoretical study on the trans-[PtCl2(dma)PPh3] 
(dma = dimethylamine) complex 1 (Figure 1) and the speciation 
products in solution with the aim of establish a computational 
protocol for the reliable prediction of the 31P NMR chemical 
shifts. Herein, complex 1 has been selected to address two 
important issues for the accurate prediction of the 31P NMR 
employing DFT methods: (i) the validation of the relativistic DFT 
computational protocols (two-component vs. four component 
methods) and (ii) the role of the solvent effects and dynamic 
averaging on the calculated 31P NMR (implicit vs. explicit solvent 
models). 

Results and Discussion 
Molecular structure and NMR studies in solution of trans-
[PtCl2(dma)PPh3] (1). The trans-[PtCl2(dma)PPh3] complex 1 
exhibits a square-planar geometry, slightly distorted around the 
platinum atom (Figure 1). Its hydrolysis involves a two-step 
reaction with the successive replacement of the two chloride 
ligands by water molecules from the solvent.13,20 Complex 1 is 
soluble only in common organic solvents, in particular DMSO. 
Many attempts were performed to dissolve it and achieve the 
best conditions using the minimum amount of DMSO d6. Ideal 
conditions for the study of the speciation products in solution 
were obtained using a sample of complex 1 in two different 
mixtures of solvents: (i) DMSO-d6/H2O(%D2O) (90%/10%), and 

(ii) DMSO-d6/H2O(%D2O)/acetone-d6 (23% /66%/ 11%) (see 
details in the experimental section). 
 
The detection of the speciation products monitored by 1H NMR 
spectra becomes difficult since the methyl group from the dma 
ligand overlaps with the solvent signal (see Fig. S1a and S2a in 
the SI). Apart from monitoring by 1D-NMR, also 2D-NMR 
experiments were used. In particular, the HSQC [1H-13C] NMR 
allows the detection of the dma’s cross peak near the residual 
DMSO signal and to discard residual solvent coordination. 
Nevertheless, the signals corresponding to the coordinating 
species might fall inside the water suppression area and hence 
one should be cautious before discarding the coordination of 
DMSO. (see Fig. S1b and S2b in the SI).  
 
In the 31P NMR spectra, the initial complex 1 appears with a 
signal at 4.4 ppm (Figure 2). After 30 minutes, the solution with 
acetone shows two new signals around 16,5 and 18,1 ppm 
corresponding to two new species coexisting at pH 8; they may 
arise from water or DMSO coordination. After 4h, the solution 
shows a third new species at 31 ppm, coexisting with a species 
at 17,4 ppm (Figure 2). The species at 31 ppm may be due to a 
hydroxo complex, which has been reported before33-34 in these 
reaction conditions for other platinum compounds. It is likely 
that in our case, the basic pH stabilizes hydroxo derivatives. At 
longer reaction times, the solution showed a different 
speciation (see Fig. S4 in the SI) and more complicated in the 
absence of acetone (figure S3 in the SI), meaning that over time 
the mixtures become more complex. 
 
Relativistic effects to the 31P NMR shielding constants and 
chemical shifts. As a first step, the experimental data have been 
compared with the results of relativistic DFT calculations based 
on static structures from geometry optimizations (thus 
neglecting specific solvent effects on the 31P NMR chemical shift 
calculations). Since a mixture of water, DMSO and acetone was 
present in the experiments, each of which might be involved in 
the coordination to Pt, we considered all possibilities for the 
replacement of one or two chloride ligands by the three solvent 
molecules. Moreover, the insertion of one or two hydroxyl 
groups was also tested since hydroxide anions can coexist in the 

 
Figure 1. Structure of trans-[PtCl2(dma)PPh3] complex 1. 

 
Figure 2. Progress of the complex in solution in conditions ii: DMSO d6 (200 µl) and 
300 µl of D2O/H2O/acetone (23%/66%/11%) at 30min (lower), 2.5h (middle), and 
4h (top). 



 

 

solution when the experiments are carried out at basic pH. The 
selected optimized structures are given in Figure S5 (see the SI). 
 
For the chemical shift of 5d metals and heavy main-group 
elements, both scalar relativistic (SR) and spin-orbit (SO) 
relativistic effects play an important role.35-36 To quantify these 
effects, two-component SR and SO relativistic zeroth-order 
regular approximation (ZORA)37-41 calculations were performed 
for all the selected complexes using both PBE42 and KT243 
functionals. In addition, the basis set dependence was studied 
with the even-tempered (ET) STO-type (ET-pVQZ)44 and the 
special STO-type (DZP, TZ2P, and QZ4P)45 basis sets using the 
ADF program. Our results show clearly that the inclusion of SO 
effects is mandatory for both the shielding constants and the 
chemical shifts (see Tables S1 and S2 in the SI). Furthermore, 
there is only a small basis-set effect on the SO-ZORA relativistic 
corrections to the shielding constants, leading to changes of 1.4 
ppm or less compared to the largest basis-set (QZ4P) results. In 
particular for complex 1, the relative changes to the shielding 
constant are about 0.5-1.0 ppm. Furthermore, similar trends 
are found for the other selected complexes (see Tables S1 and 
S2, compounds 3-11 in the SI), even if the correction values do 
not always decrease from the smallest to the QZ4P basis set. 
The basis-set dependence becomes more important for the 
chemical shifts, ranging from 0.7 to 10.4 ppm. For complex 1, 
the relative changes to the chemical shift have values of 2.6 
ppm (DZP) and 0.7 ppm (ET-pVQZ) (see Tables S1 and S2 in the 
SI). For the relativistic corrections to the chemical shifts, it is, 
therefore, particularly important to use a large basis set. 
 
In this study, theoretical approaches based on two- or 
four-component Hamiltonians are required as they include the 
relativistic corrections variationally from the start. 
Four-component relativistic calculations are generally more 
exact than two-component calculations, but also more 
demanding. However, in recent years, four-component 
calculations have become affordable for molecular systems of 
up to 200 atoms.46-47 For cases when a four-component 
methodology is not available or too expensive, two-component 
SR and SO-ZORA calculations are an attractive alternative. For 
instance, it is known that the ZORA-DFT method performs very 
well for NMR observables and does not appear to be a source 
of large errors for computations of chemical shifts.48 We have 
therefore studied relativistic effects to the 31P shielding 
constants and chemical shifts using both two- and 
four-component relativistic corrections at the DFT level. 
 
To calculate four-component relativistic corrections, we used 
the ReSpect (Relativistic Spectroscopy) program49 and a full 
four-component matrix Dirac-Kohn-Sham method (mDKS) 
based on the Dirac-Coulomb Hamiltonian. In this case, the basis-
set dependence was studied for the trans-[PtCl2(dma)PPh3] 
complex 1 using the mDKS/PBE level combined with the cvtz + 
vdz mixed basis set of Dyall,50-52 as shown in Table S3 (see the 
SI). The accuracy on mDKS level of the 31P shielding constant and 
chemical shift is not severely affected by using the smaller Dyall 
vdz basis set for the carbon and hydrogen atoms, justifying the 

present choice of basis sets as a good compromise between 
accuracy and computational cost.  
 
A comparison of both SO-ZORA and mDKS relativistic 
corrections to the chemical shifts at the PBE and KT2 levels are 
shown in Table 1. If compared with the experimental signal of 
complex 1 (at 4.4 ppm), the calculated 31P NMR shift values are 
notably upfield by up to 43.1 ppm. Among these methods, the 
mDKS/KT2 level shows the best performance with a value of 
17.0 ppm (Table 1, complex 1). Furthermore, significant 
changes in chemical shift values and trends were revealed in the 
other complexes. Albeit differing from experiment, the four-
component results must be considered as the most reliable 
since they represent the highest level of theory employed. Thus, 
the following sources of errors in the calculated 31P NMR 
chemical shifts can be considered: (i) the limitations of the 
density functional (PBE, KT2), (ii) the use of correct and accurate 
structures, and (iii) the inclusion of environmental effects (no 
solvent effects have so far been included in the NMR 
calculations). 
 
Dynamics and solvation effects on the 31P NMR shielding 
constants. In the above calculations, the chemical shifts are not 
sufficiently well described using isolated structures. For this 
reason, we select the initial complex 1 to deeply investigate the 
role of the solvent effects. To determine the importance of the 
molecular movements (dynamics) and the effect of solvation, 
we performed AIMD simulations using the CP2K program 
package64 where the phosphine (reference molecule) and 
complex 1 were surrounded by solvent molecules (water) and 
followed over time (see Supporting Information for details). 
From this trajectory, a total of 30 snapshots taken at regular 
intervals were used for obtaining dynamically averaged 31P 
NMR nuclear shieldings.  
Our first approach was to compute at these snapshots the 
shieldings for the solute alone (PH3 or complex 1) with either 
SO-ZORA (gas-phase) or mDKS (gas-phase) and by including the 

Table 1. Static 31P NMR chemical shifts of the trans-platinum(II) complexes 
(in ppm) calculated with both SO-ZORA and mDKS relativistic corrections at 
the PBE and KT2 levels. 

Complexes 
mDKS

/ PBEa 

ZORA

/ PBEb 

mDKS

/ KT2a 

ZORA

/ KT2b 

1.[PtCl2(dma)(PR3)] 38.5 47.5 17.0 31.1 
2. [PtCl(DMSO)(dma)(PR3)]+ 31.5 39.4 9.9 23.4 
3. [PtCl(H2O)(dma)(PR3)]+ 40.9 48.5 19.5 32.3 
4. [PtCl(Acet)(dma)(PR3)]+ 36.1 42.8 14.5 26.5 
5. [Pt(DMSO)2(dma)(PR3)]2+ 38.5 44.5 17.2 28.8 
6. [Pt(H2O)2(dma)(PR3)]2+ 35.9 41.9 14.9 26.1 
7. [Pt(Acet)2(dma)(PR3)]2+ 37.1 39.0 15.6 22.6 
8. [Pt(DMSO)(H2O)(dma)(PR3)]2+ 38.5 43.6 17.4 28.0 
9. [Pt(Acet)(DMSO)(dma)(PR3)]2+ 38.7 42.9 17.3 26.6 
10. [Pt(Acet)(H2O)(dma)(PR3)]2+ 36.0 39.0 14.7 22.6 
11. [PtCl(OH)(dma)(PR3)] 43.4 56.1 21.6 40.2 
12. [Pt(OH)2(dma)(PR3)] 41.5 55.6 20.1 40.4 

a calculated using the dyall_cvtz basis set. b calculated using the ET-pVQZ basis 
set. PR3:PPh3;  Acet: Acetone 



 

 

COSMO dielectric continuum model53-55 for solvation with SO-
ZORA (Table 2). The SO-ZORA results show that the inclusion of 
the COSMO model leads only to minor changes, of up to 1.2-1.7 
ppm for PH3 and 1.2-1.4 ppm for complex 1. Once again, the 
importance of relativity becomes evident; the 31P shielding 
values of PH3 at the mDKS level are 21.9-23.1 ppm larger than 
the corresponding SO-ZORA values. This difference is even more 
pronounced for the shielding values of complex 1, with an 
increase of up to 32.7-38.4 ppm at the mDKS level. 
Furthermore, the large differences between the two density 
functionals here emerges, with KT2 giving nuclear shielding 
values that are 22-45 ppm larger than the corresponding PBE 
values. These differences persist in the chemical shifts (Table 2), 
where differences of 9.6-16.5 ppm are observed between SO-
ZORA and mDKS, and 15.6-23.2 ppm between PBE and KT2. 
 
Explicit treatment of the solvent. As second step in the 
treatment of the solvation process, the effect on the 31P nuclear 
shielding of complex 1 was explored with varying numbers of 
explicit water molecules. The identification of which solvent 
molecules to include is, however, not straightforward; to avoid 
arbitrariness (visual inspection, chemical intuition), we resorted 
to the non-covalent interactions (NCI-plot) program.56-57 This 

program visualizes the non-covalent interaction regions directly 
from the molecular density, indicating those areas where the 
interactions are strongest. In this manner, we arrived at a first 
coordination sphere consisting of three and five water 
molecules (see Figure 3, hydrogen-bonding interactions are 
indicated in blue and weaker dispersion interactions in green). 
 
Although not quantitative, this method helps to identify which 
water molecules need to be taken into account in the present 
case. A comparison of the dynamically averaged 31P NMR 
chemical shielding (σ) constants of complex 1 with and without 
explicit water molecules is given in Table S4 (see the Supporting 
Information). It is shown clearly that the effect of adding (three 
or five) solvent molecules is rather small (differences up to 0.4 
ppm). This finding corroborates the results from the COSMO 
solvation model, which indicated that the effect of inclusion of 
solvents is minor compared to relativistic effects, dynamical 
averaging, and choice of density functional. 
 
Discussion of the 31P NMR Chemical Shift. Now that all effects 
have been explored systematically, a general comparison of the 
computational results can be made leading to the best 
estimates for the 31P chemical shift of complex 1 (see Table 3). 
This takes into account how important the SO-ZORA and mDKS 
relativistic effects, choice of density functional (KT2 vs. PBE), 
dynamical averaging, and solvation effects are. 
 
The first thing to notice is the importance of including dynamical 
averaging when calculating 31P NMR chemical shifts. This can be 
understood both in terms of vibrational averaging over the 
degrees of freedom of the molecule (at room temperature), and 
in terms of the indirect effect induced by the presence of the 
solvent molecules in the AIMD simulations. Although the direct 
effect of the solvent molecules on the nuclear shielding is small 
(vide supra), their presence has an effect on the geometry of the 
solute, thereby limiting the space available for exploration by 
the solute (steric effects), and enhancing the favorable weak 
(e.g., hydrogen-bonding, dispersion) interactions. For this 
reason, the effect of dynamical averaging goes in opposite 
directions for the phosphine reference molecule and complex 1 
(see Table 3); whereas the nuclear shielding decreases for the 
former upon dynamical averaging (up to -7.7 ppm), it increases 
for the latter (up to +3.7 ppm). Obviously, this directly affects 
the chemical shift, which decreases after dynamical averaging 
by 9.0-11.4 ppm. Thus, it is of crucial importance to obtain a 
correct description of the reference compound, which appears 
to be very dependent on the underlying choice of density 
functional, and the relativistic treatment.  
 
Furthermore, the addition of explicit solvent molecules 
enhances this effect. The shielding constants of the Pt complex 
get further increased at the SO-ZORA level but remain almost 
constant at the mDKS level. Thus, inclusion of explicit solvent 
molecules needs to be carefully monitored to ensure that 
convergence upon inclusion of explicit water molecules has 
been achieved. 
 

Table 2. Dynamically calculated 31P-NMR shielding (σ) constants of the PH3 
and trans-[PtCl2(dma)PPh3] complex calculated with selected methods and 
using the snapshots obtained from the AIMD simulations. 

Method Reference(PH3) 
shielding(σ) 

Pt complex 
shielding(σ) 

Pt complex 
shift (d) 

SO-ZORA/PBEa 
(Gas-Phase) 

554.2 ± 17.6 252.6 ± 9.2 38.4 ± 16.7 

SO-ZORA/PBEa 
(COSMO) 

552.5 ± 17.2 254.0 ± 9.0 35.3 ± 16.3 

mDKS/PBEb 577.3 ± 16.5 285.3 ± 9.0 28.8 ± 16.0 

SO-ZORA/KT2a 
(Gas-Phase) 

577.6 ± 16.8 292.3 ± 8.9 22.1 ± 15.9 

SO-ZORA/KT2a 
(COSMO) 

576.4 ± 16.4 293.5 ± 8.7 19.7 ± 15.6 

mDKS/KT2b 599.5 ± 18.0 330.7 ± 8.8 5.6 ± 16.7 

a calculated using the ET-pVQZ basis set. b calculated using the dyall_cvtz basis 
set; c) from eq. 1. 

 
Figure 3. AIMD snapshots of complex 1 with (a) 3 and (b) 5 explicit water molecules, 
identified based on the non-covalent interaction regions (in blue/green) using the 
NCI program. 



 

 

Our findings are summarized in Figure 4, which shows that the 
inclusion of dynamic effects is of crucial importance for an 
accurate description of 31P NMR chemical shifts. The calculated 
results closest to experiment are always obtained with the KT2 
functional; this should not come as a surprise since it was 
designed43 for describing well the potential in the nuclear region 
and hence was reported to work well for NMR shieldings.58,59,69 

Furthermore, the increased accuracy of four-component mDKS 
over two-component SO-ZORA was to be expected. Hence, the 
best match as compared to experiment (difference of only 1.0 
ppm) has been obtained using the four-component mDKS level 
with KT2. It is somewhat surprising that inclusion of explicit 
solvent molecules has a somewhat more pronounced effect at 
the SO-ZORA than at the four-component mDKS level. 

Conclusions 
We have examined the reliability of different levels of theory for 
the calculation of 31P NMR chemical shifts in a series of trans-
platinum(II) complexes. We have shown that the calculation of 
the 31P chemical shifts for these compounds remains a 
challenge for computational chemistry and that no simple 
protocol can be established for such studies. The identification 
of the species observed experimentally failed when static 31P 
NMR calculations using both two- and four-component 

Table 3. Static and dynamic 31P NMR chemical shiftsa of complex 1. 

 
Reference (PH3)  
Shielding (σ) 

Complex 
Shielding (σ) 

Shift (δ)c 

Experimental shift value --- --- 4.4 

SO-ZORA/PBEb     
Static- Gas phase Isolated complex 560.9 250.2 47.5 
Static- COSMO Isolated complex 559.1 251.4 44.5 
Static- Gas phase Explicit 3 water molecules 560.9 257.4 40.3 
Dynamic Isolated complex 554.2± 17.6 252.6 ± 9.2 38.4 
Dynamic Explicit 3 water molecules 554.2 ± 17.6 256.0 ± 9.5 35.0 
Dynamic Explicit 5 water molecules 554.2 ± 17.6 256.9 ± 9.6 34.1 
SO-ZORA/KT2b     
Static- Gas phase Isolated complex 584.0 289.7 31.1 
Static- COSMO Isolated complex 582.7 290.8 28.7 
Static- Gas phase Explicit 3 water molecules 584.0 297.1 23.7 
Dynamic Isolated complex 577.6 ± 16.8 292.3 ± 8.9 22.1 
Dynamic Explicit 3 water molecules 577.6 ± 16.8 295.8 ± 9.3 18.6 
Dynamic Explicit 5 water molecules 577.6 ± 16.8 296.7 ± 9.3 17.7 
mDKS/PBEc     
Static- Gas phase Isolated complex 583.8 282.1 38.5 
Static- Gas phase Explicit 3 water molecules 583.8 284.7 35.9 
Dynamic Isolated complex 577.3 ± 16.5 285.3 ± 9.0 28.8 
Dynamic Explicit 3 water molecules 577.3 ± 16.5 285.5 ± 8.9 28.6 
Dynamic Explicit 5 water molecules 577.3 ± 16.5 285.7 ± 8.9 28.4 
mDKS/KT2c     
Static- Gas phase Isolated complex 607.2 327.0 17.0 
Static- Gas phase Explicit 3 water molecules 607.2 329.2 14.8 
Dynamic Isolated complex 599.5 ± 18.0 330.7 ± 8.8 5.6 
Dynamic Explicit 3 water molecules 599.5 ± 18.0 330.8 ± 8.7 5.5 
Dynamic Explicit 5 water molecules 599.5 ± 18.0 330.9 ± 8.7 5.4 

a correction value of -263.2 ppm, from eq. 1; b) calculated using the ET-pVQZ basis set, c) calculated using the dyall_cvtz basis set. 

 
Figure 4. Computed 31P NMR chemical shifts of complex 1 calculated using SO-ZORA 
and mDKS relativistic corrections at the PBE and KT2 levels. The experimental value 
is indicated by a dashed line. 



 

 

relativistic corrections were used. Although limited in scope, the 
computational protocol carried out in this work allowed the 
accurate identification of complex 1, which would otherwise be 
inaccessible using standard protocols. 
 
In particular, our study revealed that it is necessary to perform 
a comparatively high-level modeling of solvation on both the 
probe and the reference molecule. Solvation influences the 31P 
chemical shift via structural parameters, dynamics, and 
electronic solvent-solute interactions. The latter cannot be 
properly modeled with a continuum model, although such a 
model is instrumental for describing bulk solvent effects. We 
have shown that 31P chemical shifts may be obtained in 
reasonable agreement with experimental values if the solvent-
solute interactions are modeled at a high level. The choice of 
the reference molecule and the relativistic effects are of crucial 
importance and are the main factors that influence the quality 
in the 31P NMR chemical shift calculations. 
 
Based on the results obtained in this study we recommend to (i) 
include dynamic effects and (ii) use the four-component mDKS 
method together with the KT2 functional for an accurate 
description of 31P NMR chemical shifts for the Pt compounds 
investigated herein. An investigation on the speciation products 
in solution using the computational protocol proposed here is 
currently underway. 

Experimental Section 

Solution state NMR experiments 
The in vitro studies performed in cancer cells60 using 1% of DMSO in water 
solutions showed activity in the nanomolar range, hence only a low 
concentration of the compound is required for an effective introduction of the 
drug in the system. However, the experimental conditions for the NMR 
studies dictate a higher concentration than nanomolar. Furthermore, after 
several attempts to determine the minimum amount of DMSO d6 needed, 
the optimal conditions were achieved (ca. 35% (I) and 25% (II)). Moreover, 
we tried to assay the solution experiments with another solvent (acetone), 
which always led to a milky appearance with water. Therefore, DMSO 
needed to be included again. 

The trans-Pt(dma)(PPh3)Cl2 (1) was prepared following a procedure 
previously reported,60 and the sample used to study its behavior in solution 
were prepared by mixing 2 mg of complex 1 in a mixture of deuterated 
solvents to a final volume of 0.5 mL in an NMR tube. Two different solutions 
were used in the study, with a final content of:  

DMSO d6 (200µl) and 300µl of D2O/H2O (90%/10%)  

DMSO d6 (200µl) and 300µl of D2O/H2O/acetone-d6 (23%/66%/11%).  

The time preparation of the fresh spectra (t=0) has not been taken into 
consideration, and the procedure takes at least 15 minutes, after which the 
aquation process has already begun. All the deuterated solvents and 
solutions were previously warmed up to 37 degrees. The sample (a) was 
initially dissolved in 50µL of DMSO d6, then a mixture containing 150µl of 
DMSO d6 and 150µl of D2O/H2O was prepared and slowly added to the initial 
solution with stirring. The final 150µl of D2O/H2O were added and the tube 
was maintained at 37ºC under slight stirring during the entire experiment 
(24h) using a thermoshaker. Sample (b) was performed similarly using a 

slow addition of a mixture (100µl of DMSO d6 with 150µl of D2O/H2O/acetone 
d6) over 50µl of complex 1 in DMSO. 

NMR spectra were recorded on a Bruker Avance III-HD NANOBAY (300 
MHz) spectrometer at room temperature (25 ºC) at Interdepartmental 
Investigation Service (SIdI) of the Universidad Autónoma de Madrid, using 
H3PO4 as internal reference. 

Computational Details 
All electronic-structure calculations were performed with density functional 
theory (DFT), using the Amsterdam Density Functional (ADF),61-62 QUILD,63 
ReSpect (Relativistic Spectroscopy)49 and CP2K64 programs. The 
dispersion-corrected PBE42 and KT2 functional43 were used, with scalar 
(SR) and spin-orbit (SO) relativistic effects included at the two-component 
level using the zeroth-order regular approximation Hamiltonian (ZORA),38,40 
and the full four-component matrix Dirac-Kohn-Sham method (mDKS) 
based on the Dirac-Coulomb Hamiltonian. All the shielding constants were 
obtained with the GIAO method.65 

Solvation effects were taken into account both through a dielectric 
continuum model (COSMO)53-55 and by including explicit solvent molecules 
in molecular dynamics simulations. To keep the four-component relativistic 
NMR calculations feasible and be able to take a larger number of snapshots 
from the MD simulations, we used the NCI-plot program56-57 to identify the 
most relevant water molecules to take into account for the solvent-complex 
interactions (see the Supporting Information for full details). 

All calculated 31P shielding constants scalc were converted to 31P NMR 
chemical shifts dcalc (ppm, 85% aqueous solution of H3PO4) using Eq. (1) as 
suggested by Lantto et al.66 (it was -266.1 ppm in Ref. 67-68):  

dcalc = scalc(PH3) - scalc -263.2 ppm        (1) 

where scalc(PH3) is the absolute 31P NMR shielding constant of phosphine 
(PH3) calculated at the same level of theory and with the same basis set. 
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