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1H- AND 31P-NMR SPECTROSCOPY
STUDY OF PARAMAGNETIC LANTHANIDE
COORDINATION COMPOUNDS
[LnL3 ·Phen] (L = CCl3C(O)NP(O)(OCH3)2)

A series of lanthanide coordination compounds with dimethyl-N-trichloroacetylamidophos-
phate CCl3C(O)N(H)P(O)(OCH3)2 (HL) [HL = CCl3C(O)N(H)P(O)(OCH3)2 is a ligand
of the carbacylamidophosphate (CAPh) type], whose compositions are described by the formula
[LnL3 ·Phen], where Ln = La, Ce, Pr, Nd, Sm, Tb, Dy, Ho, and Er; L is the deprotonized
form of HL; and Phen is 1,10-Phenantroline, has been synthesized. Acetonic solutions of HL
and complexes synthesized on its basis are studied by means of 1H- and 31P-NMR spectroscopy
at room temperature (298 K). Since the chemical shifts of 1H signals have the pseudocontact
origin, the isotropic shifts of 31P signals are managed to be decomposed into the contact and
pseudocontact components. It is found that there are two series of complexes in the solution
of [LnL3 ·Phen] compounds with the same structure of the coordination sphere within each of
the series Ln = (Ce, Pr, Nd, Sm) (series L1) and Ln = (Tb, Dy, Ho, Er) (series L2). The
values of the constant of superfine interaction for those complexes are calculated: 0.18 MHz
(series L1) and 0.13 MHz (series L2).

K e yw o r d s: lanthanide coordination compounds, carbacylamidophosphates, NMR spec-
troscopy, isotropic chemical shift.

1. Introduction

Specific magnetic properties of lanthanide (III) ions
and the effects induced by them in the NMR spectra
of organic ligands coordinated to them make them
valuable objects for the application as lanthanide
shifting reagents (LSRs). Lanthanide (III) complexes,
in particular, of the chelate type, are used as tools in
the structural analysis with the help of NMR spec-
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troscopy [1, 2]. The LSRs are widely applied when
studying the structure of organic compounds, their
conformations in solutions, and the enantiomeric pu-
rity, as well as to detect the chirality, and so forth [3].

It is known that Ln (III) ions can isomorphically
substitute Ca (II) ones. Therefore, paramagnetic lan-
thanide cations can be used as magnetic and opti-
cal probes to study calcium-containing compounds
[4]. The application of Ln (III) chelates becomes more
and more important in medical diagnostic methods
with spin NMR imaging and magnetic resonance
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imaging [5, 6]. Taking the aforesaid into account, the
development of methods for evaluating the structure
of lanthanide complexes in solutions seems to be im-
portant and challenging [7].

The object of our research is to consider the in-
tracomplex coordination compounds of lanthanides
on the basis of dimethyl-N-trichloroacetylamidophos-
phate (CCl3C(O)N(H)P(O)(OCH3)2, a ligand of the
carbacylamidophosphate (CAPh) type. A particular
advantage of the CAPh compounds with respect to
other chelating oxygen-donor ligands – e.g., 𝛽-diketo-
nes [8] – consists in the presence of phosphorus atoms
in the CAPh ligand composition, which are known to
be a convenient 31P-NMR probe. A high affinity of
those ligands to lanthanide (III) ions, a synthetic pos-
sibility of introducing substituents, different in their
steric characteristics and electron structures, near the
functional chelating fragment −C(O)N(H)P(O)= led
to a systematic study of lanthanide complexes with
CAPh ligands [9–15].

In this work, two series of lanthanide coordina-
tion compounds with dimethyl-N-trichloroacetylami-
dophosphate (HL), which compositions are described
by the formula [LnL3·Phen], where Ln = (La–Nd,
Sm–Yb), L is the deprotonized form of HL, and Phen
is 1,10-Phenantroline, were synthesized and studied
with the help of NMR spectroscopy of the 1H and
31P nuclei. In the content of complexes, the ligand
HL exists in the deprotonated state (L) (see the syn-
thesis scheme below).

2. Research Methods

The synthesized coordination compounds were iden-
tified by analyzing their metal contents [16] and IR
spectra.

The IR spectra were registered in an interval of
400–4000 cm−1 on an FT-IR Spectrophotometer BX-
II (Perkin Elmer). The specimens were prepared in
the form of tablets with potassium bromide (an extra-
high purity degree).

The 1H-NMR spectra (solutions in (CD3)2CO) and
31P-NMR spectra of acetonic solutions were regis-
tered on an AVANCE 400 Bruker NMR spectrometer
at a temperature of 298 K.

3. Experimental Results and Their Discussion

Dimethyl-N-trichloroacetylamidophosphate (HL) and
its sodium salt (NaL) were synthesized and identified
according to the method described in work [17], and

lanthanide complexes of the [LnL3 ·Phen] composi-
tion according to the method described in works [18–
20]. The general scheme of complex synthesis was as
follows:

Ln(NO3)3 · 𝑛H2O + 3HL + Phen + NaO-i-Pr =
= [LnL3 · Phen] + NaNO3 + i-PrOH + H2O,

where HL is the molecular form of the ligand
(CCl3C(O)N−P(O)(OCH3)2), L is its deprotonated
form (CCl3C(O)N−P(O)(OCH3)2), Phen is 1,10-
phenanthroline, Ln = (La, Ce, Pr, Nd, Sm, Tb,
Dy, Ho, Er), NaO-i-Pr is sodium isopropylate, and
i-PrOH is isopropyl alcohol.

For the compounds with the [LnL3 ·Phen] compo-
sition, two types of the coordination environment for
the central atom are realized in the crystalline state:
a distorted two-cap trigonal prism (TCTP) and a dis-
torted square antiprism (AP) [21].

4. NMR Spectroscopic Research

Table 1 demonstrates the chemical shifts (𝛿, ppm) in
the 1H- [the solution in (CD3)2CO] and 31P- [the solu-
tion in (CH3)2CO] NMR spectra of the [LnL3 ·Phen]
complexes. The NMR spectra of 1H-complexes with
Ln = La–Sm and Yb reveal one signal from every
methyl proton in the doublet (d) form, whereas, for
complex compounds of other lanthanides, the signal
of methyl proton is registered as an broadened sin-
glet. In the 31P-NMR spectra of acetonic solutions of
the complexes (see Table 1), one singlet is observed,
which testifies to a magnetic equivalence of all phos-
phorus atoms in the molecule.

Table 2 demonstrates the values of isotropic chem-
ical shifts for the phosphorus atoms and protons (ΔP

and ΔH, respectively), which are equal to the differ-
ence between the chemical shifts in the NMR spec-
tra for the paramagnetic and analogous diamagnetic
complex compounds [22].

It is known that the isotropic shift reflects nu-
clear resonance variations that emerge as a result of
two different interactions: a hypersensitive “contact”
Fermi interaction and the electron-nuclear “dipole”
(or “pseudocontact”) interaction. The total observed
isotropic shift is the algebraic sum of the shifts in-
duced through the contact (Δ𝜈𝑐) and pseudocontact
(Δ𝜈𝑝𝑐) mechanisms: Δ𝜈𝑖 = Δ𝜈𝑐+Δ𝜈𝑝𝑐. The contact,
or scalar, contribution to the isotropic shift is associ-
ated with the delocalization of the unpaired electron
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Table 1. Chemical shifts (𝛿, ppm) in the 1H-
and 31P-NMR spectra of lanthanide complex compounds [LnL3 ·Phen]

Ln

1H

31P Proton type in L Proton type in 1,10-Phen

−CH3 H𝑎 H𝑏 H𝑐 H𝑑

𝛿, ppm
𝛿La − 𝛿Ln

𝛿, ppm
𝛿La − 𝛿Ln

𝛿, ppm 𝛿, ppm 𝛿, ppm 𝛿, ppm
(Δ), ppm (Δ), ppm

La −9.81 − 3.48(d) − 9.77(d) 7.97(dd) 8.67(d) 8.1(s)
Ce 29.3 −39.11 5.33(d) −1.85 7.84. 7.34. 6.29
Pr 60.1 −69.91 7.66(d) −4.18 5.63. 3.76. 3.29. 2.79
Nd 50.8 −60.61 4.71(d) −1.23 8.21 7.45 6.77 7.74
Sm 10.7 −20.51 3.80 −0.32 9.07 7.87 8.63 8.08
Tb −88.8 78.99 19.54 −16.06 −1.48. −3.62
Dy 29.8 −39.61 33.84 −30.36 −19.65. −23.31
Ho −81 71.19 10.56 −7.08 16.24. −0.31. −5.32. −42.5
Er −127.84 118.03 −0.23 3.71 13.6. 12.6
Tm −82.36 72.55 4.61 −1.13 11.64. 7.78
Yb −16.38 6.57 1.55(d) 1.93 13.05. 12.7. 11.7

Table 2. Isotropic chemical shifts in the 1H- and 31P-NMR
spectra of lanthanide complex compounds [LnL3 ·Phen] at the temperature 𝑇 = 298 K

Ln 𝐶𝐽
* 106ΔH 106ΔP 10−4 ΔH

KJg
, Hz 10−4 ΔP

KJg
, Hz 108𝑇KJg, Hz−1K

Ce −11.8 −1.85 −39.11 4.10644 8.68123 −1.32
Pr −20.7 −4.18 −69.91 2.94621 5.57867 −4.157
Nd −8.02 −1.23 −60.61 0.56514 2.78481 −6.377
Sm 0.94 −0.32 −24.65 0.40414 3.1776 −2.32
Tb −157.5 −16.06 73.99 −1.15003 0.52983 40.917
Dy −187 −30.36 −39.61 −2.41699 −0.31534 36.804
Ho −71.2 −7.08 63.19 −0.70977 0.63348 29.227
Er 58.8 3.71 118.03 0.54696 1.7401 19.874
Tm 95.3 −1.13 72.55 −0.31211 2.00388 10.608
Yb 39.2 1.93 6.57 1.69308 0.57635 3.34

* 𝐶𝐽 = 𝑔2𝐽(𝐽 + 1)(2𝐽 − 1)(2𝐽 + 3) ⟨𝐽‖𝛼 ‖𝐽⟩ is the Bleaney factor [23–25].

density at the resonating nucleus and is proportional
to the squared value of the electron wave function at
the examined nucleus. In order to calculate the con-
tact shift, Reuben and Fiat [22] have proposed the
following equation:

Δ𝑐 =
Δ𝜈𝑐
𝜈0

=
2𝜋𝜇B𝐽(𝐽 + 1)𝑔(𝑔 − 1)

3𝑘𝑇𝜇𝑁
· 𝐴
ℎ
, (1)

where 𝜇B is the electron Bohr magneton, 𝐽 the total
momentum of the electron motion [19], 𝑔 the elec-
tron Lande factor, 𝜇𝑁 the nuclear Bohr magneton, 𝑘
the Boltzmann constant, 𝑇 the absolute temperature,
and 𝐴/ℎ is the superfine interaction (SFI) constant.

If the ligand is bound to the complex, the con-
tact contribution is possible, only if the metal-ligand
bond is covalent. Therefore, the SFI constant magni-
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Dependence of the quantity ΔP/𝐾𝐽𝑔 on ΔH/𝐾𝐽𝑔 for
[LnL3 ·Phen] compounds at a temperature of 298 K

tude reflects the fraction of covalency in the bind-
ing. The pseudocontact (dipole) shift Δ𝜈𝑝𝑐 charac-
terizes the spatial interaction between the ligand nu-
clei and unpaired electrons at the metal ion [26]. Its
value depends on the geometry of the central atom
environment rather than on the bond type. Dipole
shifts are relevant only for complexes with mag-
netic anisotropy. Therefore, as an example, for mag-
netoisotropic octahedral Ni (II) and tetrahedral Co
(II) complexes, we have Δ𝜈𝑝𝑐 = 0. For most coor-
dination compounds, the both contributions to the
isotropic shift are substantial. However, in the case
of lanthanide coordination compounds, unpaired elec-
trons are located at deep-lying 4𝑓 orbitals, so that
their delocalization at the ligands (and, hence, the
Δ𝜈𝑐 magnitude) is very small.

The method for obtaining the value of the SFI
constant is based on the assumption that this value
should not change significantly along the series of
isomorphic lanthanide complexes with identical lig-
ands [27]. An equation for calculating the SFI con-
stant 𝐴/ℎ is derived from the ratio between the pseu-
docontact shifts for two different nuclei in the same
complex (e.g., for phosphorus nuclei and protons in
the examined complexes):

ΔP
𝑝𝑐 : Δ

H
𝑝𝑐 =

3 cos2 𝜃P − 1

𝑟3P
:
3 cos2 𝜃H − 1

𝑟3H
= 𝑅, (2)

where 𝑟𝑖 is the length of the vector r𝑖 between the
paramagnetic ion and the P or H nucleus, and 𝜃𝑖 the
angle between the vector r𝑖 and the principal mag-
netic axis of the complex. This ratio does not depend
on the selected lanthanide, but is a function of only

the structural parameters 𝜃 and 𝑟. Hence, it is con-
stant for the isomorphic series of complexes,

ΔP
𝑝𝑐 = 𝑅ΔH

𝑝𝑐. (3)

If the contact shift for the ligand protons is consid-
ered to be insignificant, then, for the isotropic shift
at the 31P nucleus, we have (at ΔH = ΔH

𝑝𝑐)

ΔP = ΔP
𝑐 +ΔP

𝑝𝑐 = ΔP
𝑐 +𝑅ΔH

𝑝𝑐 = ΔP
𝑐 +𝑅ΔH, (4)

where ΔP and ΔH are the isotropic chemical shifts
of phosphorus and protons, respectively. Introducing
the notation

2𝜋𝜇B𝐽(𝐽 + 1)𝑔(𝑔 − 1)

3𝑘𝑇𝜇𝑁
= KJg ,

Eq. (1) for the contact shift can be rewritten in the
simplified form

ΔP
𝑐 = KJg · 𝐴

ℎ
. (5)

Substituting Eq. (5) into Eq. (4), we obtain the final
expression

ΔP = ΔP
𝑐 +𝑅ΔH = KJg · 𝐴

ℎ
+𝑅ΔH

or

ΔP

KJg
=

𝐴

ℎ
+𝑅

ΔH

KJg
.

Hence, the plot of the dependence of the quan-
tity ΔP/𝐾𝐽𝑔 on the quantity ΔH/𝐾𝐽𝑔 should be
a straight line for a number of isomorphic com-
plexes. The slope of the plot equals 𝑅, and the plot
intersection with the 𝑂𝑌 axis determines the value of
the SFI constant.

The dependence of 𝑦 = ΔP/𝐾𝐽𝑔 on 𝑥 = ΔH/𝐾𝐽𝑔
plotted for the [LnL3 ·Phen] complexes is depicted
in Figure. From the data obtained, it follows that,
in the case of acetonic solutions, there are two se-
ries of complexes with the same structure of a co-
ordination sphere within each series: Ln = (Ce, Pr,
Nd, Sm) and Ln = = (Tb, Dy, Ho, Er). Since the
points corresponding to the lanthanides of the yt-
trium subgroup drastically deviate from the common
dependence, they were not taken into account. Linear
approximations using the mean-least-square method
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gave rise to the following equations for the series of
[LnL3 ·Phen] complexes:

∙ for Ln = Ce, Pr, Nd, and Sm:

𝑦 = 1.81554 + 1.54237𝑥, 𝑅 = 0.98098;

∙ for Ln = Tb, Dy, Ho, and Er:

𝑦 = 1.31539 + 0.68568𝑥, 𝑅 = 0.99578.

The SFI constant values determined for those series
of compounds equal 0.18 and 0.13 MHz, respectively.

The results obtained testify that the covalent
contribution to the metal-ligand bond in the ana-
lyzed compounds is significantly lower for heavy lan-
thanides than for light ones, which completely cor-
relates with the change in ionic radii and the polar-
izability of electron shells. A comparison of the SFI
constant values with literature data – see, e.g., similar
studies using the 17O-NMR method [28,29] – demon-
strates the fruitfulness of this approach for evaluating
the strength of the metal-ligand bond not only in the
case of kinetically inert systems, but also in the case
of systems characterized by intra- and intermolecular
chemical exchange processes.

5. Conclusions

In this work, a series of lanthanide coordination com-
pounds with dimethyl-N-trichloroacetylamidophos-
phate, whose compositions are described by the
formula [LnL3·Phen], were synthesized. The struc-
ture of the complexes in the solution is studied us-
ing the polynuclear NMR spectroscopy method. The
isotropic shifts of protons and phosphorus, as well
as the superfine interaction constants, are calcu-
lated. By separating the isotropic chemical shift into
the contact and pseudocontact components, it is
found that, in acetonic solutions of [LnL3 ·Phen] com-
plexes, there are two series of isomorphic complexes,
and the lanthanide-phosphorus SFI constant amounts
to 0.18 MHz for light lanthanides (Ce, Pr, Nd, and
Sm) and 0.13 MHz for heavy ones (Tb, Dy, Ho,
and Er).

This work was carried out in the framework of the
budget theme No. 19BF037-05.
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ДОСЛIДЖЕННЯ ПАРАМАГНIТНИХ
КООРДИНАЦIЙНИХ СПОЛУК ЛАНТАНОЇДIВ
СКЛАДУ [LnL3 · Phen] (L = CCl3C(O)NP(O)(OCH3)2)
МЕТОДОМ ЯМР-СПЕКТРОСКОПIЇ
НА ЯДРАХ 1H ТА 31P

Р е з ю м е

Cинтезовано ряд координацiйних сполук лантаноїдiв
з диметил-N-трихлорацетиламiдофосфатом HL [HL =

= CCl3C(O)N(H)P(O)(OCH3)2, лiганд карбациламiдофо-
сфатного (CAPh) типу] складу [LnL3 ·Phen], де Phen –
1,10 фенантролiн, Ln = La, Ce, Pr, Nd, Sm, Tb, Dy, Ho, Er.
Розчини лiганду HL та синтезованих на його основi
комплексiв в ацетонi дослiдженi методом ЯМР 1H та 31P
при кiмнатнiй температурi 298 К. Оскiльки хiмiчнi зсуви
сигналiв 1H мають псевдоконтактну природу, то iзотропнi
зсуви сигналiв 31Р вдалося розкласти на контактну та
псевдоконтактну складовi. Було встановлено iснування у
розчинi сполук [LnL3 ·Phen] двох серiй комплексiв, що ма-
ють однакову будову координацiйної сфери в межах кожної
серiї: Ln=Ce, Pr, Nd, Sm (L1) та Ln=Tb, Dy, Ho, Er (L2).
Для цих комплексiв було розраховано значення константи
надтонкої взаємодiї: 0,18 МГц (L1) та 0,13 МГц (L2).
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