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Abstract The coupled cluster theory in conjunction with
core valence triple and quadruple zeta basis sets has been
employed for investigating electric, magnetic and spectro-
scopic properties of ammonia and phosphine. Namely molec-
ular dipole and quadrupole moments, NMR shielding and
spin-rotation constants, as well as spectroscopic properties
such as rotational and centrifugal distortion constants as well
as harmonic and anharmonic frequencies of NH3 and PH3
have been determined at a high level of accuracy. To obtain
parameters directly comparable to experiment, vibrational
effects have also been taken into account. In addition, the
basis set convergence has been investigated for the molecu-
lar dipole moment.

Keywords Ammonia - Phosphine - Ab initio calculation -
Dipole and quadrupole moment - Magnetic shielding -
Spin-rotation constants - Spectroscopic parameters

1 Introduction

In view of investigating the difference between molecules
containing second-row atoms and their first-row analogs, as
a continuation of the study on structure and thermochem-
istry carried out in Ref. [1], some electric and magnetic as
well as spectroscopic properties of ammonia and phosphine
have been investigated. To have a meaningful comparison,
high-level ab initio methods should be employed. The most
accurate non-relativistic methods presently used to study a
variety of molecular properties are based on the coupled clus-
ter wavefunction (see for instance Ref. [2—7] and references
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therein). In addition, errors due to core correlation effects as
well as incompleteness of the basis set cannot be neglected.
Furthermore, to obtain results suitable for a direct compari-
son with experiment, one has also to take into account vibra-
tional corrections.

Rotational and NMR spectroscopy are important experi-
mental tools for probing molecular structure and properties.
To analyze and understand such spectroscopic information,
quantum chemical calculations of spectroscopic as well as
NMR parameters are very helpful. In this view the choice of
the properties investigated in this work can be understood.
Going into details, we decided to study the electric molecu-
lar dipole and quadrupole moments, the nitrogen quadrupole
coupling constant (of course, only for ammonia), as well
as the NMR shielding and spin-rotation constants. As far as
spectroscopic parameters are concerned, rotational, centrifu-
gal distortion and vibro-rotation interaction constants as well
as harmonic and anharmonic frequencies have been consid-
ered.

2 Methodology and theoretical details

The coupled-cluster level of theory with single and double
excitations, and a quasiperturbative account for triples sub-
stitutions [CCSD(T)] [8] has been employed throughout in
conjunction with correlation consistent basis sets. This level
of theory has been chosen as it is proved to provide very
accurate results for molecular and spectroscopic properties.
In fact, the CCSD(T) method in conjunction with large basis
sets is able to give almost quantitative results, when core cor-
relation effects are also taken into account (see for instance
Refs. [4,5,9-15]).

First of all, the molecular dipole moment has been deeply
investigated. This has been evaluated as a first derivative
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of the total energy with respect to a homogeneous electric
field at zero field strength. More precisely, the results have
been obtained from computations in which finite perturba-
tions with electric field strengths of £0.0001 a.u. have been
applied and then the dipole moment has been calculated from
central-differences numerical differentiation of the energy.
Since inclusion of diffuse functions in the basis set is particu-
larly important for an accurate evaluation of this property, the
calculations have been carried out with the aug-cc-pV(n+d)Z
(n =Q,5,6) series of bases for P [16] and the aug-cc-pVnZ (n
= Q,5,6) basis sets for H and C [17] (frozen core), and with
the aug-cc-pwCVQZ (aug-cc-pwCV(Q+d)Z for P) basis set
for accounting for core-valence effects (frozen core and all
electrons). The augmented aug-cc-pwCVQZ sets have been
obtained by adding the opportune diffuse functions [17] to
the corresponding core-valence set [18], whereas the aug-
cc-pwCV(Q+d)Z for P has been obtained by adding the
appropriate tight [ 18] functions to the aug-cc-pV(Q+d)Z set
[16]. As suggested in Ref. [18], the ls electrons of P have
not been correlated in any computations. All computations
have been carried out at the corresponding best estimated
geometry from Ref. [1] employing the MOLPRO package
[19].

Since we have used hierarchical sequences of bases and
w exhibited a monotonic trend, the dipole moment has been
extrapolated to the complete basis set (CBS) limit using the
1/n3 extrapolation form [20]:

A/LCOH(I’Z) — Auggrr_i_An—S (1)

and itis applied to the case n = 5 and 6. To obtain the extrap-
olated dipole moment, the CBS limit value of the correlation
contribution has then been added to the HF-SCF CBS limit,
which is assumed to be reached at the HF-SCF/aug-cc-pV6Z
level:

1(CBS) = u3S" + Ausd". 2)

oo o0

The best estimate of the dipole moment has then been
obtained by adding to the CBS limit the core-valence (CV)
correction determined using the aug-cc-pwCVQZ basis set:

e (CBS 4+ CV) >~ u(CBS, valence) + u(awCVQZ, all)
—u(awCVQZ, valence), 3)

where p©(awCVQZ, all) and u(awCVQZ, valence) are the
molecular dipole moment computed at the CCSD(T)/aug-
cc-pwCVQZ level correlating all and only valence electrons,
respectively.

As already mentioned in the Introduction, the quadru-
pole moment, the nuclear quadrupole coupling tensor, as
well as the NMR shielding and spin-rotation constants have
been evaluated at the CCSD(T) level of theory. Since for
all these properties theoretically justified extrapolation for-
mula to the CBS limit are not available in the literature, we
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restrict our discussion to the results obtained with a basis set
as large as the core-valence cc-pwCVQZ. In some cases, the
cc-pwCVTZ basis has also been considered. In all cases only
all electrons calculations have been performed and, since
weighted core-valence sets have been used, the 1s electrons
of P have not been correlated in any computations. Further-
more, for magnetic properties the rotational London Atomic
Orbitals [21] have been used to avoid unphysical gauge-ori-
gin dependence of the properties investigated as well as to
improve basis-set convergence. For these computations the
Mainz-Austin-Budapest (MAB) development version of the
ACESII program package [22] has been employed.

The permanent multiple moments characterize the charge
distribution in a molecule. The zeroth (monopole) moment
corresponds to the total charge, the first moment to the dipole,
the second moment to the quadrupole, etc. Therefore, they
can be computed as the average values of the correspond-
ing multipole moment operator. In particular, the molecu-
lar quadrupole moment operator, as defined by Buckingham
[23], is given by

1
1

with e; being the ith element of charge at location r; rela-
tive to some fixed origin in the molecule and §y g denoting
Kroneckers delta.

For nuclei with a quadrupole moment, the interaction of
the latter (defined for nucleus K as —e Q g ) with the electric
field gradient at that nucleus VX is given by [24]

1 —eQk
Ho=-> — =K
Q 2§1K(21K—1) K

VK LIk, ®)

where I'x denotes the nuclear spin and the sum runs over all
the K nuclei. The elements of the nuclear quadrupole cou-
pling tensor for the nucleus K are then defined as

Xij = —eQx VS /h, (6)

where i, j refer to the inertial axes a, b, or c. Since, in order to
have a nuclear quadrupole moment the nuclear spin quantum
number /x must be >1, we have such an interaction only for
nitrogen in NH3.

The nuclear magnetic shielding tensor o is a second-order
response property with magnetic field and nuclear magnetic
moment as the corresponding perturbations. Accordingly, it
is defined by the second derivative of the electronic energy
with respect to the nuclear magnetic moment my and to the
external magnetic field B (see for example the general dis-
cussion in Ref. [2]):

82Eel
o =
BmNaB

N

my,B=0
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Therefore, this is efficiently computed using analytic second
derivative techniques nowadays available for coupled-cluster
methods [25,26].

To describe the interaction between the nuclear magnetic
dipole and the effective magnetic field of a rotating mole-
cule, Flygare derived a formulation in terms of a second rank
tensor C coupled with the rotational J and nuclear spin I
momenta [27]:

Hsg = > Ix -Ck -J, ®)
K

where the sum runs over the K nuclei of the molecule. Each
element of the spin-rotation tensor has an electronic and a
nuclear contribution. The electronic contribution can be the-
oretically defined as the second derivative of the electronic
energy with respect to the rotational angular momentum J
and the nuclear spin Iy [28]

2 el
o _ OE°
Lk |y, 5

&)

and therefore it is efficiently computed using analytic second
derivatives [21]. On the other hand, the nuclear contribution
C*! depends only on the molecular geometry, on gx (which
is the nuclear g-value of nucleus K), and u  (the Bohr mag-
neton):

Cy¥ = —’ungx
" Z Z (R —Rg) - (RL—RK)I—(RL—RK)(RL—RK)I_1
(2K IR.—Rg ’

10)

Anharmonic force field calculations have been carried out
for the main isotopic species of ammonia and phosphine,
i.e., “NH; and 3'PH3. The cubic force fields have been
evaluated at the CCSD(T)/cc-pwCVTZ and CCSD(T)/cc-
pwCVQZ levels correlating all electrons but 1s of P. More
precisely, the quadratic (f;;), cubic (f;jx) and semidiago-
nal quartic (f;jxx) normal coordinates force constants have
been computed. The harmonic part of the force field has
been obtained using analytic second derivatives of the energy
[29], and the corresponding cubic force field has been deter-
mined in a normal coordinate representation via numerical
differentiation of the analytically evaluated force constants
as described in Refs. [30,31]. Subsequently, the force field
has been used to compute spectroscopic constants by means
of the vibrational second-order perturbation theory [32]. The
MAB development version of the ACESII program package
[22] has been employed.

The force field evaluations also allowed the determination
of the zero-point vibrational (ZPV) corrections to the molec-
ular properties investigated. The perturbational approach fol-
lowed is that described in Ref. [5] for NMR shielding tensors
and can be automatically performed in the MAB develop-

ment version of ACESII. Shortly, the procedure consists in
expanding the expectation value of the generic property X
over the vibrational wavefunction in a Taylor series around
the equilibrium value with respect to normal-coordinate dis-
placements

92X

1
+§%(—8QraQs)Q=0<QrQs)+-~-, (1)

where the expansion is truncated after the quadratic term. The
expectation values over O, and Q, Q; are evaluated using a
perturbation theory treatment starting from the rigid-rotator
harmonic-oscillator approximation [32]. The corresponding
expressions are in lowest order

h krss
(0r) = il Z o (12)
and
h
(0rQs) = brs5— (13)
Wy

where w, denotes the harmonic frequency of the rth nor-
mal mode and k,z; the cubic force constants within a nor-
mal-coordinate representation. The expansion of Eq. (11)
has been already successfully employed to investigate vibra-
tional effects on various molecular properties (see, as exam-
ples, Refs. [5,11,12,14]). In the case of the dipole moment,
the vibrational correction, defined as the difference between
the equilibrium and vibrationally averaged values, has been
added to the best estimate (CBS+CV) for obtaining the corre-
sponding zero-point corrected parameter that can be directly
compared to the available experimental data.

3 Results and discussion

The only non-vanishing dipole moment component is along
the z inertial axis, i.e., along the C3 axis. The values obtained
employing different basis sets are given in Table 1. As
expected, the dipole moment of ammonia is larger than that
of phosphine: this is surely ascribed to the decreasing electro-
negativity from nitrogen to phosphorous. From Table 1 one
can notice that for both NH3 and PH3 there is a systematic
trend, i.e., the absolute value of the dipole moment increases
by enlarging the basis set. Anyway, even if basis sets con-
taining additional diffuse functions have been employed for
phosphorous, the convergence is faster in the case of ammo-
nia. For both molecules the CV correction is relevant but in
the opposite direction: for NH3 it increases the absolute value
of the dipole moment, while for PH3 it decreases it.

In regard to the comparison with the literature, an overall
good agreement is observed. In particular, it deserves a brief
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Table 1 Dipole moment (debye) of ammonia and phosphine evaluated
at the coupled cluster level employing different basis sets. Extrapolated
and best estimated values are also reported

m

NH3
B3LYP/d-aug-cc-pVTZ? —1.4961
B3PW91/d-aug-cc-pVTZ? —1.5101
Cl/cc-pVTZ? —1.6178
MRSD-CI/5s3p2d — 3s2pP —1.5123
CCSD(T)/aug-cc-pVQZ* —1.521
CCSD(T)/aug-cc-pCVQZ! —1.5217
CCSD(T)/aug-cc-pCVQZ9-2 —1.5372
CCSD(T)/aug-cc-pVQZ —1.5061
CCSD(T)/aug-cc-pV5Z —1.5087
CCSD(T)/aug-cc-pV6Z —1.5095
CBS —1.5099
CBS+CV® —1.5157
Zero-point corrected! —1.4764
Best estimate® —1.4762

Experiment"
PH;3

1.471932 (7)

B3LYP/aug-cc-pVTZ? —0.5899
B3PW91/aug-cc-pVTZ? —0.6431
Cl/cc-pVTZ? —0.6657
MP2/1158p3d2 f1g! —0.648
BD(T)/TZP+ZPV(MP2/TZP) —0.5566
CCSD(T)/aug-cc-pV(Q+d)Z —0.6177
CCSD(T)/aug-cc-pV(5+d)Z —0.6217
CCSD(T)/aug-cc-pV(6+d)Z —0.6232
CBS —0.6238
CBS+CV® —0.6151
Zero-point corrected! —0.5879
Best estimate® —0.5878
Experiment® 0.57395 (30)

4 Ref. [41]

b Ref. [42]

¢ Ref. [34]: calculated correlating all electrons at the
(all)CCSD(T)/aug-cc-pVQZ optimized geometry

d Ref. [33]: calculated (1) at the experimental equilibrium structure,
(2) at the (all)CCSD(T)/cc-pCVQZ optimized geometry

¢ CV corrections added to the CBS extrapolated values: see text

f ZPV correction added to the CBS+CV values (see text)

& Full triples corrections added to the zero-point corrected values (see
text)

h Ref. [43]: absolute value

i Ref. [44]

J Ref. [36]

k Ref. [45]: absolute value

comment the comparison of the various CCSD(T) results
obtained for ammonia in conjunction with quadrupole bases
and reported in Table 1 (Refs. [33,34] and this work). The
main differences consist in slightly different basis sets (aug-
cc-pVQZ or aug-cc-pCVQZ), numbers of electrons corre-
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lated (frozen core or all electrons) and different reference
geometries used in the calculations. It is, therefore, difficult
to draw a clear conclusion, but it is evident a strong effect of
the equilibrium structure chosen as reference.

To our knowledge, full configuration interaction (FCI) cal-
culations of the dipole moment of either ammonia or phos-
phine are not available in the literature. Anyway, on the basis
of the FCI benchmark calculations of first-order one-electron
properties carried out by Halkier et al. for BH and HF [35],
we are confident that even for the systems under investiga-
tions the CCSD(T) model is a very good approximation of
the full CCSDT one and that the error due to the approxi-
mate description of triple excitations is comparable in size
to that due to the neglect of higher-order excitations. Full
triples corrections computed employing the cc-pVTZ basis
have been found entirely negligible for both ammonia and
phosphine (see Table 1).

Also interesting is how the theoretical values compare
with experiment: the agreement is within 0.3% for ammo-
nia and within 2.4% for phosphine. Therefore, for both spe-
cies a very good agreement is observed. On the one hand,
vibrational corrections are essential for getting such a good
agreement since they are fairly large, being of the order of
3-5%, and, on the other hand, the faster convergence to the
CBS limit for NH3 is very likely responsible for the better
agreement observed. For both species the vibrational correc-
tions decrease the absolute value of the dipole moment.

Equilibrium and vibrationally averaged values of other
electric and some magnetic properties are summarized in
Tables 2 and 3, respectively. More in detail, the molecular
quadrupole moment and nitrogen quadrupole coupling con-
stant are reported in the former table, whereas NMR shield-
ing and spin-rotation constants are collected in the latter. In
both tables the results obtained in the present work are also
compared to the theoretical and experimental data available
in the literature. In the first place, a general good agreement
has to be noted for all the properties investigated, and the
main conclusion that can be drawn is that the CCSD(T)/cc-
pwCVQZ level of theory is able to provide accurate results
for both ammonia and phosphine. Furthermore, it should be
pointed out that vibrational corrections have to be taken into
account in order to improve the agreement with experiment.

Concerning electric properties (Table 2), the molecular
quadrupole tensor as well as the nuclear quadrupole coupling
one are traceless. In our particular case, since ammonia and
phosphine belongs to the C3, symmetry group, these tensors
are diagonal, and

O = Oy = —1/20,,
Xxx = Xyy = —1/2%z:.

The traceless quadrupole moment describes the deviation
from an isotropic charge distribution, vanishing with a spher-
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Table 2 Electric properties of ammonia and phosphine evaluated at the
coupled cluster level®: quadrupole moment and quadrupole coupling
constant of nitrogen

or X5
(a.u.) (MHz)
NH3
B3LYP/d-aug-cc-pVTZ4 —2.3236
B3PW91/d-aug-cc-pVTZ4 —2.3031
aug-cc-pCVQZ-equilibrium —2.184
cc-pwCVQZ-equilibrium —2.066 —4.163
cc-pwCVQZ-vibrationally averaged —2.086 —4.181
Best estimate® —2.204
Experiment —2.42 (4)f —4.09158
PH;3

B3LYP/d-aug-cc-pVTZ4 —1.6674
B3PW91/d-aug-cc-pVTZ4 —1.6386
MP2/11s8p3d2 f1g" —1.683
BD(T)/TZP+ZPV(MP2/TZP)! —1.5566
aug-cc-pCVQZ-equilibrium —1.596
cc-pwCVQZ-equilibrium —1.583
cc-pwCVQZ-vibrationally averaged —1.540
Best estimate® —1.553
Experiment —1.56 (70)

2 Computations performed correlating all electrons (but 1s of P)

b For molecules belonging to the C3, symmetry group:

Oy = 0y, = —1/20,;. See text

¢ The nitrogen quadrupole coupling constant . is derived from the
values of the corresponding electric field gradient V,, at the N
nucleus: x;; = —eQg Vlf/h See text

d Ref. [41]

¢ Vibrational correction added to (all)CCSD(T)/aug-cc-pCVQZ
equilibrium value, see text

f Ref. [46]

& Ref. [47]

h Ref. [44]

I Ref. [36]

J Ref. [48]

ical charge distribution. Therefore, from the results reported
in Table 2 we can deduce that this deviation is larger for
ammonia than for phosphine. By comparing our results to
experiment, we note that vibrational corrections are in the
right direction, i.e., they make theoretical values closer to
experiment, even if, as expected [36], they are relative small:
~1% for ammonia and about 3% for phosphine. More in
detail, they increase the absolute value for NH3, whereas
they decrease it for PH3. Furthermore, as already observed
for the dipole moment, the absolute value decrease going
from ammonia to phosphine. It is worthwhile noting that the
results for phosphine seems to be more accurate than those
for nitrogen. In particular, by comparing theory to exper-
iment for NH3 a discrepancy of about 14% is observed,
whereas for phosphine the agreement is within ~1%. Since
there is no reason for the latter being more accurate, but at

least the opposite is expected, we believe that the experimen-
tal value for ammonia is not as accurate as claimed by the
given uncertainty. This conclusion is also supported by the
more favorable comparison noticed for the nitrogen quad-
rupole coupling constant: it agrees with experiment within
2%. In order to improve even more the description of this
property, calculations of the equilibrium value employing the
aug-cc-pCVQZ have also been carried out. Assuming the
additivity of the vibrational corrections, these, computed at
the (all)CCSD(T)/cc-pwCVQZ level as the difference
between the equilibrium and vibrationally averaged values,
have then been added to the (all) CCSD(T)/aug-cc-pCVQZ
equilibrium values giving our best estimates. While the
improvement is small for phosphine (i.e., lower than 1%),
that for ammonia is relevant reducing the discrepancy to
~9%. Without further investigating this issue, we attribute
the remaining difference between our best estimate and the
experimental value to inaccuracy of experiment as well as to
errors inherent in the convergence to the basis set limit and
in neglecting higher-order excitations. Nevertheless, on the
basis of the FCI benchmark calculations performed by Hal-
kier et al. [35], the latest ones are expected to be small, i.e.,
largely lower than 0.01 a.u. We also checked the error due to
the neglect of full treatment of triples excitations by compar-
ing CCSDT/cc-pVTZ and CCSD(T)/cc-pVTZ calculations;
this error was found negligible, being lower than 1 x 107 a.u.
for ammonia and about 0.002 a.u. for phosphine.

For magnetic properties (Table 3), the agreement between
theory and experiment is very good, especially when vibra-
tionally averaged values are considered. Actually, for these
properties vibrational corrections result to be relevant as
they range from ~2% to about 10%. Vibrational correc-
tions decrease the equilibrium values for all the parameters
but the spin-rotation constants of nitrogen as well as phos-
phorous. The good agreement obtained for phosphine with
the very accurate, nearly benchmark, results reported in Ref.
[37] has to be noted. As far as the comparison between the
CCSD(T)/cc-pwCVTZ and CCSD(T)/cc-pwCVQZresults is
concerned, the employment of the larger basis set improves
the values by about 5-20% for ammonia properties, while the
improvement is smaller, i.e., about 0.2-5%, for phosphine.
In contrast improvements due to inclusion of full triples cor-
rections (computed employing the cc-pVTZ basis) have been
found mostly negligible.

In Table 3 the isotropic shielding and anisotropy are given.
It could be useful to recall that, since the shielding tensor is a
non-symmetric tensor of rank two, in the principal axis sys-
tem an isotropic part as well as an anisotropy can be defined.
The isotropic shielding of a nucleus is the average of the
diagonal elements of the shielding tensor

1
giso = 3Tr(0), (14)
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whereas the shielding anisotropy is defined as

1
AU=U33—§(022+011), (15)

where 033 > 027 > o7q;. It is therefore clear that errors in
calculations of isotropic shielding often tend to cancel each
other, while it is more difficult to calculate anisotropy accu-
rately. Consequently, its evaluation may provide a test for
theory. From Table 3 we may conclude that the CCSD(T)/cc-
pwCVQZ]level of theory is able to well reproduce isotropic as
well as anisotropic shielding. This conclusion was somehow
expected: for instance, in Refs. [9,26,38] Gauss and cowork-
ers yielded clear evidence for the high accuracy of CCSD(T)
computations and their proximity to FCI limit. In Ref. [9]
CCSDT calculations confirmed the good performance of the
CCSD(T) approach. It was also shown that the error due to the
neglect of full triples is usually lower than 1 ppm and that, by
comparing with FCI results of Ref. [38] for the BH molecule,
the higher-order corrections are very small as well. As briefly
mentioned before, we personally checked the error due to the
neglect of full triples for ammonia and phosphine by compar-
ing CCSDT/cc-pVTZ and CCSD(T)/cc-pVTZ calculations;
this error was found negligible being corrections generally
lower than 1 ppm (only for ois,(P) it is 3.8 ppm, but it is any-
way a very small correction: ~0.6%). Best estimated values
including such corrections are also reported in Table 3.

The spin-rotation tensor is non-vanishing only for nuclei
with Ix >1/2. Therefore, in the present case all nuclei present
such an interaction. The number of non-vanishing tensor ele-
ments depends on the so-called site symmetry—that is, the
actual symmetry seen by the given nucleus in its position.
For C3, molecules, as ammonia and phosphine, the nuclear
spin-rotation tensor of the atoms lying on the C3 axis (i.e.,
N and P) is diagonal with Cy = Cy,. The spin-rotation ten-
sor of the H; nucleus has five non-vanishing components:
the diagonal elements Cy,, Cyy, C;; (with Cy, # C,,) and
the off-diagonal C,; and C,,; where x, y and z are the iner-
tial axes and xz is the plane on which H; and the C3 axis
lie. The C(H;) tensor is not symmetric, that is Cy; 7# Cyx.
For symmetry reasons, the spin-rotation tensors of the other
hydrogen atoms (H; and H3) can be obtained by rotation of
C(H,): C(Hy) =Ry ™" C (H1) Ry and C(H3) = R3 ™" C(H))
Rj3; where Ry = R3~!. From the results collected in Table 3
it can be pointed out that all the spin-rotation constants are
small, ranging on an average from 6 to 20kHz, with the only
exception of P for which they are as large as ~115kHz.

Itdeserves to briefly recall that nuclear magnetic shielding
and spin-rotation constants are strongly connected. In fact,
accordingly to Ramsey’s formulation [39], o can be decom-
posed into two contributions: the paramagnetic contribution
(o?) and the diamagnetic one (09), where the former can
be determined from spin-rotation constant [27]. Addition-
ally, while o, which depends on the ground state of the

@ Springer

molecule, can be accurately calculated by means of standard
quantum chemical methods, o? is more difficult to calculate
accurately. Therefore, when establishing absolute magnetic
shielding scale, highly precise experimental determinations
of spin-rotation constants are employed for evaluating o' ?.

The evaluation of the anharmonic force field allowed the
derivation of various spectroscopic parameters: rotational
and centrifugal distortion constants, vibration—rotation inter-
action constants, harmonic and anharmonic frequencies. Har-
monic and anharmonic force constants are not reported here,
but they are available from the author upon request. The
experimental and computed spectroscopic parameters are
compared in Table 4. Once again, as expected, the values
for PH3 are smaller with respect the corresponding ones of
NH3. From this table it is also evident that the discrepancies
between the experimental and ab initio values are only a few
percent. In particular, the agreement between computed and
experimental ground-state rotational constants is excellent
as the deviations are largely lower than 0.5%. As far as the
quartic centrifugal distortion constants are concerned, even
if ground-state experimental data are compared to the equi-
librium theoretical ones, one can notice a rather good agree-
ment, being 12% the largest discrepancy. The good agree-
ment between the calculated and experimental vibrational
frequencies v; has to be noted: the deviations are of the order
of 0.2-0.5%, with the exception of the v, of NH3 for which a
discrepancy of ~7% is observed. This is clearly related to the
fact that v, is the frequency of the inversion motion, which is
not so well described by a cubic force field evaluated in nor-
mal coordinates. Going from CCSD(T)/cc-pwCVTZ to the
CCSD(T)/cc-pwCVQZ level of theory a small but evident
improvement is observed. Furthermore, from this compari-
son it comes out that the spectroscopic properties computed
at the same level of theory for both ammonia and phosphine
seem to have the same accuracy. The error due to the neglect
of higher-order excitations is expected to be small even for
spectroscopic constants. For instance, the benchmark calcu-
lations of harmonic and anharmonic frequencies of BH and
HF reported in Ref. [40] pointed out that CCSD(T) results are
very closed to the FCI limit (i.e., discrepancy largely lower
than 0.5%).

Finally, it deserves to be noted that the cubic force fields
initially obtained for the main isotopic species can be trans-
formed to the normal-coordinate representations of other iso-
topic species and used to compute spectroscopic parameters,
such as vibration—rotation interaction constants and centrif-
ugal distortion constants, using the usual second-order per-
turbation treatment of the rovibrational problem [32].

4 Conclusions

Using the highly accurate ab initio approach CCSD(T), a
theoretical investigation of some electric and magnetic
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Table 4 Spectroscopic

constants of “NHs and 3! PHs Parameters (acllcl)s“?csefr"l;/ (glcl)pc“?cs\]?gfz)/ Experiment
NH3
By (MHz) 297600.172 297989.26% 298117.06°
Co (MHz) 186680.77% 186576.70% 186726.36°
Bo-B, (MHz) —2627.17 —2238.08
Co—C, (MHz) —3509.23 —3613.30
D; (MHz) 26.68 27.61 25.4662 (12)°
D;x (MHz) —45.43 —47.46 —47.3100 (29)¢
Dy (MHz) 25.26 26.89 27.3959 (33)¢
oy (em™1) 3482.4 3489.2
> (cm™) 1105.2 1076.3
w3 (cm™!) 3607.7 3618.9
w4 (cm™1) 1689.1 1679.8
vi (em™1) 3368.3 3342.4 3336.114
vy (em™1) 1033.3 1000.9 932.43¢
v3 (ecm™1) 3455.9 3444.0 3443.68F
vy (cm™1) 1648.9 1634.9 1626.28¢8
PH;
By (MHz) 133629.13% 133694.77% 133480.128989 (95)"
Co (MHz) 117404.20? 117361.19% 117489.436 (10)}
a thained by. a.dd.ing to th§ best Bo—B, (MHz) 163443 —1568.79
estimated equilibrium rotational
constants (derived from r, Co—C. (MHz) —1237.66 —1280.67
obtained from Eq. (6) of Ref. D; (MHz) 3.88 3.98 3.936901 (36)"
[1])hthe vibrational corrections Dk (MHz) ~1.03 ~1.07 —1.237 (85)h
?;ltl)éCSD(T)/CC—pWCVnZ Dk (MHz) 1.46 1.49 1.34 27k
lbe}/;}; Sete {ext ) (em™!) 2425.8 24293
¢ Ref. °[§7a] o8 @ (cm™1) 1025.7 1016.6
d Ref. [58] w3 (em™!) 2433.3 2437.1
: Rei. [gg] w4 (em™) 1150.8 1147.3
gﬁiff [[61]] vt (cm™1y 2326.9 2331.1 2321.124 (3)]
h Ref. [62] vy (em™1) 1003.9 996.8 992.13477 (1)k
! Ref. [63] v3 (ecm™1) 2330.5 2336.0 2326.505 (9))
Jkl?{ff. [[6645]] vs (em™1) 11245 1122.4 111830639 ()%

properties of ammonia as well as phosphine has been per-
formed. In particular, molecular dipole and quadrupole
moments, as well as NMR shielding and spin-rotation con-
stants have been investigated. Theoretical results, obtained
employing a basis set as large as the cc-pwCVQZ to account
for core correlation effects, also include estimates for zero-
point vibrational effects. As far as dipole moment is con-
cerned, a deeper investigation has been carried out also
accounting for basis set truncation error. In addition, the cubic
force fields of ammonia and phosphine have been evaluated at
the CCSD(T)/cc-pwCVTZ as well as CCSD(T)/cc-pwCVQZ
levels of theory allowing the derivation of various spec-
troscopic parameters: rotational and centrifugal distortion

constants, vibration—rotation interaction constants, harmonic
and anharmonic frequencies.

On the whole, the present results are in excellent agree-
ment with experiment. On this purpose, it deserves to be
noted that vibrational effects have to be taken into account
for such a comparison.
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