
Cu1 reactivity trends insp, sp2, andsp3 nitrogen, phosphorus,
and arsenic containing bases

Alberto Luna,a Manuel Alcamı´,a Otilia Mó,a Manuel Máñeza
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Abstract

Density functional theory (DFT) has been used to analyze the reactivity trends ofsp, sp2, andsp3 nitrogen bases with
respect to their phosphorus and arsenic analogues, both when the reference acid is H1 or Cu1. Geometries were fully optimized
at the B3LYP/6-311G(d, p) level and the final energies were obtained in B3LYP/6-3111 G(2df, 2p) single point
calculations. For some model systems the G2 molecular orbital theory was used to assess the reliability of the DFT approach
used. Significant differences in the reactivity trends of the nitrogen bases with respect to their phosphorus and arsenic
analogues have been found. While for H2C¢NH only the nitrogen attached species is stable, for H2C¢PH and H2C¢AsH both,
the species in which the cation is bonded to the heteroatom and the carbon attached structures are local minima of the potential
energy surface. Furthermore, for the arsenic derivative the latter is the most stable form. Similarly, while for HCN only the
nitrogen attached species is stable for HCP and HCAs only the carbon attached structures are found. The basicities of XH3 and
CH3XH2 were also studied for comparison. Methyl substituent effects for phosphorus and arsenic compounds are larger than
for the corresponding nitrogen derivative. Proton affinities and Cu1 binding energies are linearly correlated, although the slope
of the correlation for phosphorus and arsenic derivatives is significantly different from that of nitrogen bases. The unsaturated
systems are systematically less basic than the corresponding saturated counterparts. The observed differences in the reactivity
trends reflect significant dissimilarities in the charge redistribution undergone by the neutral when it interacts with the attaching
ion, which are also mirrored in the optimized geometries and in the shiftings of the harmonic stretching frequencies. (Int J Mass
Spectrom 201 (2000) 215–231) © 2000 Elsevier Science B.V.
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1. Introduction

The gas-phase ion chemistry is an area which has
witnessed an impressive development in the last
decades [1]. Of particular increasing interest have
been the reactions of gas-phase ions with neutral
molecules, due, in part, to a growing awareness of the

importance of these ion-molecule interactions. A
great deal of attention was initially devoted, for
obvious reasons, to protonation processes in the gas-
phase and nowadays the scale of proton affinities
includes hundreds of compounds [2]. More recently,
these studies were extended to other gas-phase cat-
ions, in particular to metal monocations [3], so that in
many cases it was possible to establish a relationship
between gas-phase metal cation binding energies and
proton affinities [4]. In this scenario the role played by* Corresponding author. E-mail: manuel.yanez@uam.es
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the theoretical methods was crucial for several rea-
sons: on the one hand, the use of ab initio molecular
orbital techniques was, and still is in many instances,
the only reliable tool to obtain information on the
structure of the molecular ions formed in the afore-
mentioned ion–molecule reactions. Hence, very often,
our knowledge on the active sites of different neutral
compounds is based on the agreement between the
theoretically estimated values for the ion–molecule
binding energies and the experimental ones obtained
using different experimental techniques. On the other
hand, a rationalization of the unimolecular decompo-
sition of the molecular ions formed in ion–molecule
reactions requires a good and detailed knowledge of
the potential energy surface, which can be only
attained on theoretical grounds. This was the origin of
a fruitful interplay between theory and experiment
which resulted in a deeper understanding of the
mechanisms associated with bond activation and cat-
alytic processes [5]. One driving force behind the
application of ab initio calculations in this field has
been the ability to obtain reliable thermochemical
quantities, such as enthalpies of formation, ionization
potentials, proton and electron affinities, etc. Actually,
the so called high-level ab initio techniques are the only
alternative to estimate the heats of formation of many
species that, in spite of its very low stability [6], can be
important to understand the chemistry in extreme con-
ditions environments, as the interstellar space.

In the course of the last decade there has been a
substantial progress in the refinement of density
functionals. As a consequence, these methods are
nowadays currently used as an alternative to ab initio
calculations. The fact that density functional theory
(DFT) calculations are less computationally demand-
ing than the standard ab initio procedures has permit-
ted to extend the exploration of the potential energy
surfaces to larger and larger systems.

In this context, we have devoted some efforts to the
study of the gas-phase reactions of organic com-
pounds with different metal monocations [7] and in
the last years particular attention has been focused [8]
on reactions involving Cu1 with nitrogen and oxygen
bases. The aim of this article is to study the intrinsic
reactivity ofsp, sp2, andsp3 phosphorus and arsenic

containing bases with respect to Cu1 and to compare
it with the reactivity exhibited by the nitrogen con-
taining analogs, which was previously studied [9], in
an effort to establish the reactivity trends down the
group. Since there is an almost complete lack of data
regarding the intrinsic reactivity of phosphorus and
arsenic bases, we have also considered it of interest to
compare their Cu1 binding energies with the corre-
sponding proton affinities.

2. Computational details

The theoretical treatment of the different systems
included in this work was performed by using the
B3LYP density functional approach as implemented
in the GAUSSIAN-94 series of programs [10]. This
method has been found to be quite reliable as far as
the description of metal cation–neutral complexes is
concerned [11], in particular when Cu1 ions are
involved [8,9,12]. The B3LYP approach is a hybrid
method which includes the Becke’s three parameter
nonlocal exchange potential [13] with the nonlocal
correlation functional of Lee et al. [14]. The geome-
tries of the different species under consideration were
optimized using the all electron basis of Watchers-
Hay [15] for Cu and the 6-311G(d, p) basis set for the
remaining atoms of the system. The harmonic vibra-
tional frequencies of the different structures investi-
gated have been calculated at the same level of theory
used for their geometry optimization in order to
identify the local minima and the transition states
(TS), as well as to estimate the corresponding zero
point energy (ZPE) corrections. The final energies of
the different species under study were obtained in
B3LYP/6-3111 G(2df, 2p) single point calcula-
tions at the aforementioned B3LYP/6-311G(d, p)
optimized geometries. This level of theory has been
shown [9] to provide Cu1 binding energies for nitro-
gen bases which are in reasonably good agreement
with those estimated in the framework of the G2
theory [16] and with recent experimental values [17].
It is worth noting that in these DFT calculations the
largest basis set expansion used includes only two sets
of d polarization functions rather than three as in the
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G2 formalism [16], because, as shown in [9], the
reduction in the number of thed polarization func-
tions has a negligible effect on the calculated binding
energies but implies a significant saving in the com-
putation time. It must be also mentioned that, al-
though for the sake of simplicity we maintain the
nomenclature “6-3111 G(2df, 2p)” for all the at-
oms, for Cu this basis set corresponds to the
(14s9p5d/9s5p3d) basis of Watchers-Hay supple-
mented with a set of (1s2p1d) diffuse functions and
with two sets off functions (rather thand functions)
and one set ofg functions (rather thanf functions).

Since to the best of our knowledge, no experimen-
tal values on the Cu1 binding energies have been
reported for the P and As containing compounds
included in our study, and in order to assess the
reliability of our DFT estimates when dealing with
second- and third-row bases we shall also use the G2
theory [16] which, as mentioned in the introduction,
has been extremely successful at predicting many ther-
mochemical magnitudes with an accuracy which is often
better than 2 kcal/mol, and which has been recently
extended [18] to the treatment of molecules containing
third-row atoms. For this purpose we have chosen PH3

and AsH3 as suitable model systems. For the sake of
consistency with our DFT calculations, the geometries
were optimized using a 6-311G(d, p) basis set, rather
than the 6-31G(d) normally used in the standard G2
procedure. The harmonic vibrational frequencies were
also obtained at the MP2(full)/6-311G(d, p) level of
theory and the corresponding ZPE corrections were
scaled by the empirical factor 0.93 [19].

The bonding characteristics of the different species
have been investigated by using the atoms in mole-
cules (AIM) theory of Bader [20]. For this purpose,
we have located the bond critical points, i.e. points
where the electron density function,r(r ), is minimum
along the bond path and maximum in the other two
directions. We have also calculated the energy den-
sity, H(r ), at each bond critical point. In general,
negative values ofH(r ) denote the existence of
stabilizing charge concentrations within the bonding
region, which are associated with covalent interac-
tions. The AIM analysis was performed using the
AIMPAC series of programs [21].

3. Results and discussion

3.1. Structures and charge distributions

The optimized geometries of the different phos-
phorus and arsenic containing bases and their Cu1

complexes have been schematized in Fig. 1. It is
worth mentioning that the calculated geometries are in
excellent agreement with experiment, whenever this
information is available. For the sake of comparison
Fig. 1 includes also the optimized geometries of the
nitrogen containing analogs taken from [9].

As expected in all XH3–Cu1 (X 5 N, P, As)
complexes theC3v symmetry of the neutral is pre-
served. However, the geometrical changes induced in
ammonia by the attachment of the metal cation are
opposite to those observed in phosphine or arsine.
While in ammonia a slight decrease of the HNH bond
angles takes place, in PH3 and AsH3 the correspond-
ing bond angles significantly increase. Similarly,
while the N–H bond lengths of ammonia increase
upon complexation with Cu1, the P–H and the As–H
bonds shorten. Similar effects can be observed in
methylamine, methylphosphine, and methylarsine.

Significant dissimilarities are also observed be-
tween sp2 nitrogen bases and their phosphorus and
arsenic analogs. Actually, it can be seen, for example,
that while for imine, H2C¢NH, only the nitrogen
attached Cu1 complex is stable, for H2C¢PH and
H2C¢AsH, two complexes, that in which the metal
cation is attached to the heteroatom and that in which
it is attached to the carbon atom are local minima of
the potential energy surface. Furthermore, as we shall
discuss later, for the arsenic derivative the carbon
attached species is the most stable one. We have
considered it of interest to locate the transient species
which connect both local minima. Their structures are
given in Fig. 2. The important point is that while the
isomerization barriers for the corresponding proto-
nated species (see Fig. 3) are large enough as to make
both isomers experimentally accessible, these barriers
are much lower as far as the Cu1 complexes are
concerned, and therefore the carbon-attached and the
heteroatom-attached structures can interconvert more
easily.
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It is worth noting that when Cu1 is attached to the
carbon atom a ringlike structure is formed. However,
an analysis of the topology of the charge densities of
these three-membered rings indicates that no bond

critical point exists between the metal cation and the
heteroatom, so these ringlike structures should be
viewed as truly carbon attached species. To enhance
the polarization interactions between the metal cation

Fig. 1. B3LYP/6-311G(d, p) optimized geometries for the N, P, and As bases included in this study and their Cu1 complexes. For nitrogen
containing systems the geometrical parameters were taken from [9]. Bond lengths are in angstroms and bond angles are in degrees.
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and the heteroatom when this is P or As, the distance
between both atomic centers becomes rather small,
although no chemical bond is formed.

It can be also observed that the cationization of

the neutrals have also different structural effects. In
H2C¢NH the C¢N bond becomes weaker and longer
upon Cu1 association. In contrast, when Cu1 is
attached to P or As in H2C¢XH compounds, the C¢X

Fig. 1b.
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bond becomes reinforced and shorter, and only when
the metal cation is attached to the carbon atom the
C¢X bond lengthens.

Obviously, the formation of the Cu1 complex
implies a significant charge transfer from the base to
the metal cation. The important point is that the
polarization undergone by the neutral base depends
strongly on the electronegativity of the basic center.
This has been already shown for the particular case of
protonation processes by Alcamı´ et al. [22]. When a
cation attaches to the atom which exhibits a larger
electronegativity of the two atoms involved in a
chemical bond, it recovers part of the charge trans-
ferred to the cation by depopulating the bonding
region and, as a consequence, the bond is elongated
and weakened. When the cation attaches to the less
electronegative atom, it cannot depopulate the bond
because of the presence of a more electronegative

partner, but it polarizes it. In this second case part of
the electronic charge from the valence shell of the
other atom moves into the bonding region reinforcing
the linkage. Taking into account that nitrogen is more
electronegative than carbon, while this is not the case
for phosphorus and arsenic, it can be easily under-
stood why nitrogen attachment is followed by a C–N
bond activation effect, while phosphorus (or arsenic)
attachment is followed by a reinforcement of the C–P
(or C–As) bond (see Table 1). For the same reason,
when the cation is attached to the carbon atom in P or
As containing compounds, the C–P or C–As bonds
become weaker.

Dissimilarities between nitrogen and phosphorus
or arsenic compounds are also apparent as far assp
bases are concerned. While HCN yields only the
nitrogen attached Cu1 complex, for HCP and HCAs
only the carbon attached species are stable.

Fig. 2. B3LYP/6-311G(d, p) optimized geometries for the transition states connecting the heteroatom attached species and the carbon attached
structures of the H2C¢XH (X 5 P, As Cu1 complexes. Bond lengths in angstroms and bond angles in degrees.
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It is important to emphasize that the characteristics
of the Cu1 complexes resemble closely those of the
corresponding protonated species (see Fig. 4). As it
has been found for Cu1 association, protonation of
H2C¢NH takes place exclusively at the nitrogen atom,
and any attempt to obtain the carbon protonated
species failed because the proton migrates toward the
nitrogen atom without activation barrier. In contrast,
H2C¢PH and H2C¢AsH protonate both at the heteroa-

tom and at the carbon atom. Furthermore, for the
arsenic derivative the carbon protonated species is the
most stable one. As mentioned above, the barriers
connecting the heteroatom protonated structure and the
carbon protonated form are sizably large (see Fig. 3).

For HCN only the nitrogen protonated species is a
minimum of the potential energy surface, the carbon
protonated species being a transition state, whose imag-
inary frequency corresponds to a rocking of the CH2

group which would lead to the nitrogen protonated form.
On the contrary, the phosphorus and arsenic analogs are
only carbon bases in the gas phase.

The charge redistributions observed upon protona-
tion are also qualitatively identical to those described
above for the corresponding Cu1 complexes, al-
though quantitatively more intense, as reflected in the
topology of the charge density as well as in the
shifting of the corresponding stretching frequencies.
Let us take the series H2C¢NH, H2C¢PH, H2C¢AsH
as an example. As illustrated in Table 1, nitrogen
protonation or Cu1 nitrogen attachment lead to a
decrease of the charge density at the C¢N bond
critical point, while the energy density becomes less
negative. This decrease in the stabilizing charge
concentration results in a lengthening of the bond and
in a redshifting of the C–N stretching frequency by
259 cm21 for the protonated species and 17 cm21 for
the Cu1 complex (see Table 2).On the contrary,
protonation or Cu1 association at the heteroatom in
H2C¢PH and H2C¢AsH are accompanied by an in-
crease of the charge density at the C¢X (X 5 P, As)
bond critical point, while the energy density becomes
more negative. Consistently, the bond shortens and
the C–X stretching frequency appears shifted to the
blue. When the protonation or Cu1 attachment in
these two compounds take place at the carbon atom,
the effects are the opposite. The charge density at the
C¢X bond critical point decreases, the energy density
becomes less negative, the bond lengthens and the
C–X stretching frequency appears redshifted.

3.2. Cu1 binding energies and proton affinities

The total energies of the different species investi-
gated in this study have been summarized in Table 3.

Fig. 3. Energy barriers connecting the heteroatom attached and the
carbon attached complexes of H2C¢XH (X 5 P, As) species.
Values in kcal/mol obtained at the B3LYP/6-3111 G(3df, 2p)
level of theory.
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Fig. 4. B3LYP/6-311G(d, p) optimized geometries for the protonated forms of the neutral bases included in this study. Bond lengths in
angstroms and bond angles in degrees.
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This table includes also the ZPE corrections, the
calculated Cu1 binding energies and the proton affin-
ities.

It can be observed that there is a very good
agreement between our theoretical estimates for the
proton affinities of PH3, H3CPH2, HCP, and AsH3 and
the corresponding experimental values. Hence, we
may safely assume that our estimates for the proton
affinities of the unsaturated compounds, H2C¢XH
(X 5 P, As) and HCAs, would be also reliable. The
very good agreement between the calculated and the
experimental PA for HCP seems to ratify our conclu-
sion that this compound is a carbon base in the gas
phase. Also importantly, the Cu1 binding energies for
these two species obtained at the B3LYP/6-3111
G(2df, 2p) level are very close to the values esti-
mated at the G2 level of theory. This can be taken as
an indication of the reliability of this DFT approach to
describe Cu1 complexes when the basic center is a
second or a third-row atom.

As it has been found before when discussing the

structures, there are also significant differences be-
tween the gas-phase reactivity of the nitrogen bases
with respect to the phosphorus and arsenic analogs. In
this respect it can be observed, for instance, that while
the imine, H2C¢NH is predicted to be a stronger base
than ammonia, either when the reference acid is H1 or
Cu1, the H2C¢PH compound is predicted to be less
basic than PH3, both when the basic center is the
phosphorus or the carbon atom. The corresponding
arsenic derivative, H2C¢AsH is less basic than
arsine, AsH3, only when the cation attachment
takes place at the arsenic atom. A rationalization of
these basicity trends will be presented in forthcom-
ing sections. In all cases the HCX (X5 N, P, As)
derivatives are predicted to be the less basic com-
pounds of all the series.

It is also worth noting that methyl substituent
effects are quite different on going from nitrogen to
phosphorus or arsenic containing compounds. As it
can be deduced from the values in Table 3, these
effects are significantly larger for phosphorus and

Table 1
Charge densities (r) and energy densities [H(r )] evaluated at the corresponding bond critical points for H2C¢XH (X 5 N, P, As) species,
their protonated forms, and their Cu1 complexes; all values are given in a.u and have been calculated at the B3LYP/6-311G(d, p) level
of theory

Bond

Neutral C-protonated X-Protonated C–Cu1 complexes X–Cu1 complexes

r H(r) r H(r) r H(r) r H(r) r H(r)

C–N 0.390 20.621 . . . . . . 0.371 20.585 . . . . . . 0.374 20.588
X 5 N C–H 0.279 20.274 . . . . . . 0.292 20.294 . . . . . . 0.289 20.287

X–H 0.331 20.419 . . . . . . 0.333 20.489 . . . . . . 0.335 20.455
C–P 0.187 20.172 0.181 20.188 0.203 20.193 0.173 20.164 0.195 20.183

X 5 P C–H 0.279 20.274 0.278 20.271 0.281 20.277 0.279 20.272 0.282 20.277
X–H 0.161 20.155 0.177 20.184 0.180 20.185 0.168 20.167 0.172 20.172
C–As 0.176 20.130 0.152 20.098 0.189 20.147 0.154 20.103 0.186 20.142

X 5 As C–H 0.279 20.275 0.280 20.275 0.283 20.280 0.278 20.272 0.283 20.280
X–H 0.145 20.103 0.156 20.115 0.164 20.129 0.151 20.110 0.159 20.121

Table 2
C–X harmonic stretching frequencies (cm21) of H2C¢XH (X 5 N, P, As) species, their protonated forms, and their Cu1 complexes
calculated at the B3LYP/6-311G(d, p) level of theory

Neutral C-protonated complexes X-protonated complexes
C–Cu1

complexes X–Cu1 complexes

H2C¢NH 1714 . . . 1455 . . . 1697
H2C¢PH 1001 821 1043 866 1033
H2C¢AsH 837 633 875 733 864
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Table 3
B3LYP/6-3111 G(2df, 2p) total energies (E, in Hartrees), B3LYP/6-311G(d, p) zero point energy corrections (ZPE, in Hartrees), Cu1

binding energies (Cu1 2 BE, in kcal/mol) and proton affinities (PA, in kcal/mol) for the different species under consideration

E ZPE

Cu1 2 BE PAa

B3LYPb G2c B3LYPb Expt.d

Cu–NH3
1 21696.857 22 0.038 92 56.2c 52.3

Cu–NH2–CH3
1 21736.175 78 0.067 97 59.8c 59.0

Cu–NH¢CH2
1 21734.943 02 0.043 24 59.3c 55.1

Cu–NCH1 21733.717 12 0.017 79 50.0c 46.7

Cu–PH3
1 21983.442 72 0.027 32 53.4 52.2

Cu–PH2–CH3
1 22022.789 59 0.057 07 63.4

Cu–PH¢CH2
1 22021.531 80 0.035 44 52.9

PH¢CH2–Cu1 22021.523 94 0.035 95 47.7
Cu–HCP1 22020.293 03 0.015 37 47.0
TS1 22021.519 21 0.035 26 . . .

Cu–AsH3
1 23877.932 44 0.024 75 49.5 47.5

Cu–AsH2–CH3
1 23917.277 40 0.054 45 58.5

Cu–AsH¢CH2
1 23916.018 89 0.033 86 48.1

AsH¢CH2–Cu1 23916.024 61 0.034 61 51.3
Cu–HCAs 23914.791 37 0.014 58 51.8
TS2 23916.011 66 0.033 53 . . .

NH4
1 256.923 11 0.049 46 201.8 204.0

NH3CH3
1 296.254 42 0.079 16 213.0 214.9

NH2CH2
1 295.011 49 0.054 09 206.4 203.8

HNCH1 293.739 97 0.027 89 168.8 170.4

PH4
1 2343.484 80 0.035 18 185.7 187.6

PH3CH3
1 2382.844 01 0.065 22 203.3 203.5

PH2CH2
1 2381.566 47 0.042 40 181.2

PHCH3
1 2381.549 31 0.042 58 170.3

H2CP1 2380.312 72 0.021 93 166.1 167.1
TS3 2381.528 11 0.040 80

AsH4
1 22237.969 01 0.032 13 178.7 178.8

AsH3CH3
1 22277.323 60 0.062 13 193.5

AsH2CH2
1 22276.046 14 0.039 90 172.3

AsHCH3
1 22276.063 43 0.041 59 182.1

H2CAs1 22274.824 93 0.021 79 179.3
TS4 22276.022 08 0.038 62

NH3 256.586 39 0.034 30
NH2–CH3 295.899 68 0.063 82
NH¢CH2 294.668 31 0.039 79
NCH 293.459 49 0.016 47
PH3 2343.177 50 0.023 86
PH2–CH3 2382.509 08 0.054 29
PH¢CH2 2381.268 90 0.033 54
PCH 2380.040 00 0.013 98
AsH3 22237.673 93 0.021 85
AsH2–CH3 22277.005 21 0.052 14
AsH¢CH2 22275.763 68 0.032 05
AsCH 22274.530 61 0.013 14
Cu1 21640.176 69 0.000 00

a The calculated proton affinities are for the corresponding neutral compounds.
b Binding energies at the B3LYP/6-311G(2df, 2p) level including ZPE correction.
c For N-containing compounds the values have been taken from [9].
d Experimental values of proton affinities taken from [2b].
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arsenic derivatives than for the nitrogen analog. Fur-
thermore, this difference is more pronounced as far as
Cu1 binding energies are concerned. Actually, the
effect of the methyl substitution on the proton affinity
of phosphine is 1.5 times larger than that predicted for
ammonia, while this factor becomes 2.7 for the
corresponding Cu1 binding energies.

As it has been reported before in the literature [4b]
for other kinds of systems, there is apparently a rough
correlation between the calculated Cu1 binding ener-
gies and the corresponding proton affinities. However,
a closer analysis of the data shows that nitrogen,
phosphorus and arsenic containing bases follow dif-
ferent linear correlations (see Fig. 5). More impor-
tantly, while the slope of the correlations for phos-
phorus and arsenic compounds are rather similar, for
nitrogen bases it is significantly different. The most
important consequence is that although CH3–PH2 and
CH3–AsH2 compounds have a smaller proton affinity
than the nitrogen analog, their Cu1 binding energies
are sizably higher.

3.3. Reactivity trends

To gain some insight into the origin of the basicity
trends discussed in the previous section we are going
to analyze them for the particular case of the proto-
nation processes, assuming that similar effects can be
invoked for the corresponding Cu1 binding energies.
The first point which needs to be understood is why
the unsaturated compounds are systematically less
basic than the corresponding saturated counterparts.
The second aspect that should be address is why
H2C¢PH behaves as a phosphorus base, while
H2C¢AsH behaves as a carbon base. A comparison
of the relative stabilities of the saturated and
unsaturated compounds with respect to the same
reference compounds, for instance, the correspond-
ing hydrocarbons can be a practical way to carry
out such an analysis. The results obtained for
nitrogen, phosphorus and arsenic derivatives have
been schematized in Fig. 6.

Fig. 6 clearly illustrates that the origin of the
basicity decrease of H2C¢NH with respect to
H3C–NH2 has a different origin that the similar
decrease observed for phosphorus and arsenic com-
pounds. In the first case the most significant changes
take place in the neutral while in the other two cases
take place in the protonated form. Let us discuss this
in more detail. The upper part Fig. 6 indicates that for
nitrogen bases a relative stabilization of the system
takes place on going from the saturated to the unsat-
urated compound. In other words, the formation of a
C¢N double bond by dehydrogenation of the corre-
sponding saturated system is 6.1 kcal/mol less endo-
thermic than the formation of a C¢C double bond by
dehydrogenation of the saturated analog. In contrast
for phosphorus and arsenic compounds the formation
of C¢P or C¢As double bonds is slightly less favor-
able than the formation of C¢C bonds. This can be
easily understood if one takes into account that
multiple bonds between first and second (or third) row
atoms are less stabilizing that those between first-row
atoms.

The situation is just the opposite when the proto-
nated species are considered. As illustrated by the
lower part of the diagrams in Fig. 6, the formation of

Fig. 5. Linear correlations between Cu1 binding energies and
proton affinities for nitrogen (continuous line), phosphorus (dotted
line) and arsenic (dashed line) bases for H2C¢XH (X 5 P, As) the
basic center is indicated within parentheses. These linear correla-
tions obey the following equations: nitrogen bases: Cu1–BE 5
0.225 PA1 11.89 (kcal/mol), phosphorus bases: Cu1–BE 5
0.444 PA2 27.69 (kcal/mol), arsenic bases: Cu1–BE 5 0.500
PA 2 38.79 (kcal/mol).
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a double bond by the dehydrogenation of the corre-
sponding saturated compound has a negligible effect
(0.5 kcal/mol) on the relative stability of the system
for nitrogen bases. For phosphorus and arsenic deriv-
atives the same process implies a significant destabi-
lization of the system by 23.6 and 23.9 kcal/mol,
respectively. As a consequence, in the three cases, the

unsaturated compound is predicted to be less basic
than the corresponding saturated analog. Why the
dehydrogenation of H3C–PH2 requires much less
energy than the dehydrogenation of the phosphorus
protonated species? In both processes it is necessary
to brake a C–H bond and a P–H bond and to change
a C–P bond into a C¢P one. Hence, three factors

Fig. 6. Relative stability of C¢X (X 5 N, P, As) linkages as compared with C¢C bonds for both neutral H2C¢XH species and their protonated
forms. Values (in kcal/mol) obtained at the B3LYP/6-3111 G(2df, 2p) level of theory. These values include the corresponding ZPE
corrections evaluated at the B3LYP/6-311G (d, p) level.
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might be responsible of the aforementioned differ-
ence: either (1) the C–H bond is stronger in the
protonated than in the neutral species, or/and (2) the
P-H bond is stronger in the protonated than in the
neutral species, or/and (3) the C¢P bond in the
protonated species is weaker than the C¢P bond in the
neutral, with respect to the C–P in the saturated
analogs.

An analysis of the charge distribution of H3C–PH2

and its protonated form shows no significant changes
in the charge densities and energy densities at the
C–H bond critical points (see Table 4) upon protona-
tion. Consistently, the C–H bond length remains

practically unchanged (see Fig. 1), as well as the C–H
stretching frequencies (see Table 5). Therefore, we
must conclude that factor (1) must play a negligible
role. The same analysis, shows however, that, upon
protonation, the charge density at the P–H bond
critical points increase and the energy density be-
comes more negative. The expected reinforcement of
the P–H bonds is mirrored in a decreasing of the bond
length (see Fig. 1) and in a shifting of the P–H
stretching frequencies to the blue (see Table 5). Factor
(3) plays also a role, since according to our results the
reinforcement of the C–P bond on going from the
H3C–PH2 to the H2C¢PH species is greater than on

Table 4
Charge densities (r), and energy densities [H(r )] evaluated at the corresponding bond critical points for the H3C–XH2 (X 5 N, P, As)
species, their protonated forms, and their Cu1 complexes; all values are given in a.u. and have been calculated at the B3LYP/6-311G(d,
p) level of theory

Bond

Neutral Protonated Cu1 complexes

r H(r ) r H(r ) r H(r )

C–N 0.262 20.271 0.218 20.248 0.234 20.249
X 5 N C–H 0.272 20.265 0.286 20.284 0.282 20.278

X–H 0.373 20.424 0.333 20.471 0.336 20.449
C–P 0.151 20.143 0.175 20.181 0.165 20.165

X 5 P C–H 0.274 20.270 0.275 20.269 0.276 20.270
X–H 0.161 20.155 0.180 20.185 0.172 20.171
C–As 0.127 20.070 0.146 20.087 0.139 20.081

X 5 As C–H 0.275 20.271 0.277 20.272 0.277 20.272
X–H 0.146 20.105 0.165 20.129 0.158 20.121

Table 5
Stretching vibrational frequencies (cm21) for H3C–XH2 (X 5 N, P, As) species, their protonated forms, and their Cu1 complexes
calculated at the B3LYP/6-311G(d, p) level of theory

Vibration Neutral Protonated Cu1 complexes

X 5 N C–N Str. 1057 920 976
C–H s. Str. 2948 3084 3064
C–H a. Str. 3051 3185 3144
N–H s. Str. 3487 3399 3456
N–H a. Str. 3561 3472 3505

X 5 P C–P Str. 666 720 713
C–H s. Str. 3043 3051 3057
C–H a. Str. 3116 3144 3147
P–H s. Str. 2367 2512 2478
P–H a. Str. 2373 2544 2487

X 5 As C–As Str. 552 598 588
C–H s. Str. 3050 3060 3065
C–H a. Str. 3131 3165 3165
As–H s. Str. 2180 2322 2283
As–H a. Str. 2190 2354 2296

227A. Luna et al./International Journal of Mass Spectrometry 201 (2000) 215–231



going from H3C–PH3
1 to H2C¢PH2

1. Actually, in the
first case the bond length shortens 0.202 Å and the
charge density at the bond critical point increases
0.036 a.u., while in the latter it shortens only 0.173 Å
and the charge density increases by 0.028 a.u. Hence,
we must conclude that the reinforcement of the P–H
bonds upon protonation and the fact that the C¢P bond
is weaker, in relative terms, in the protonated form
than in the neutral form, are the main factors explain-
ing the higher dehydrogenation energy of the proto-
nated species. Entirely analogous effects are found for
the corresponding arsenic derivatives (see Tables 4
and 5). The relative destabilization of the protonated
form of the nitrogen bases, has a different origin. As
shown in Tables 4 and 5, the N–H bonds become
weaker rather than reinforced upon protonation, while
the C–H linkages become reinforced. Concomitantly,
the C¢N linkage in the protonated species is stronger
than in the neutral, relative to the saturated compound.
Actually, it can be seen that on going from H3C–NH2

to H2C¢NH the bond shortens 0.200 Å, while on
going from H3C–NH3

1 to H2C¢NH21 the shortening
is 0.241 Å.

Let us now analyze the basicity changes on going
from the phosphorus or arsenic protonated forms to
the carbon protonated species. As illustrated in Fig. 6,
this process is energetically disfavored for the phos-
phorus compound, but favorable for the arsenic de-
rivative. To understand this difference, it must be
taken into account that these are isomerization pro-
cesses which involve a 1,2H shift. Accordingly, we
are replacing a P–H (or As–H) bond by a C–H bond,
which should lead to a stabilization of the system, and
simultaneously a C¢P (or C¢As) bond is changed into
a C–P (or C–As) bond, which would tend to destabi-
lize the system. Therefore, two factors might explain
the different behavior of phosphorus and arsenic
derivatives: (1) a different strength of the double
bonds (C¢P or C¢As) with respect to the single ones,
and/or (2) a different strength of the P–H and As–H
bonds with respect to the C–H linkages. The first
factor can be analyzed using the type of reactions
proposed by Pople and co-workers [23]:

H2C¢PH 1 CH4 1 PH33 2CH3 2 PH2

DH 5 2 17.7kcal/mol

H2C¢AsH 1 CH4 1 AsH33 2CH3 2 AsH2

DH 5 2 18.9kcal/mol

which indicate that although the C¢As bond is less
stable, in relative terms, than a C¢P bond, the stability
difference, estimated at the B3LYP/6-3111 G(2df,
2p) level is rather small.

The difference is more pronounced as far as the
relative stability of the P–H or As–H bonds with
respect to the C–H bond, is concerned (see Table 6).
The dissociation energies of these linkages can be
easily obtained from the atomization energies of CH4,
PH3, and AsH3, which can be reliably estimated at the
G2 level of theory (see Table 6) and they show that
the As–H linkages are about 7 kcal/mol weaker than
P–H bonds. This result allows us to conclude that the
enhanced stability of the carbon protonated species of
the arsenic derivatives is mainly due to the net stabili-
zation of the system when the As–H bond is replaced by
a C–H linkage. In phosphorus compounds, this stabili-
zation is smaller, and it is not enough to compensate the
destabilization produced by changing a C¢P double
bond by a C–P single bond. In the light of our discussion
in preceding sections, is reasonable to conclude, that
similar arguments apply to the Cu1 complexes.

Fig. 7 shows the relative energy changes on going
from H2C¢XH to HC§X systems. Again the behavior is
different for nitrogen than for phosphorus or arsenic
compounds, because the former behave as nitrogen
bases, while the latter are carbon bases. It can be noted
however, that, in relative terms, again the dehydrogena-
tion of the protonated species is less favorable than that
of the neutral systems for similar reasons to those
explained above, and as a consequence the HC§X
compounds are less basic than the H2C¢XH analogs.

Table 6
X–H (X 5 C, N, P, H) dissociation energies (kcal/mol)
estimated by using the atomization energies of the corresponding
hydrides evaluated at the G2 level of theory

CH NH PH AsH

Bond energy 98.3 92.2 75.5 68.5
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4. Conclusions

There exist significant differences in the reactivity
trends ofsp, sp2, andsp3 nitrogen bases with respect
to their phosphorus and arsenic analogs, both when

the reference acid is H1 or Cu1. In fact, our results
show that proton affinities and Cu1 binding energies
are linearly correlated, although the slope of the
correlation for phosphorus and arsenic derivatives is
significantly different from that of nitrogen bases. The
main consequence is that, although the saturated
phosphorus and arsenic compounds (H3C–XH2) have
a smaller proton affinity than methylamine, their Cu1

binding energies are significantly higher.
The unsaturated systems are systematically less

basic than the corresponding saturated counterparts.
For phosphorus and arsenic derivatives this is mainly
due to the reinforcement of the P–H or As–H bonds
and to a relative destabilization of the C¢X linkage
upon protonation. For nitrogen compounds, is mainly
due to a reinforcement of the C–H linkages and to a
relative stabilization of the C¢N bond. For H2C¢NH
only the nitrogen attached species is stable. In con-
trast, for H2C¢PH and H2C¢AsH compounds both,
the species in which the cation is bonded to the
heteroatom or to the carbon atom are local minima of
the potential energy surface. Furthermore, for the
arsenic derivative the latter is the most stable form.
This difference between phosphorus are arsenic com-
pounds is a consequence of the different relative
strength of the P–H bonds with respect to the As–H
bonds, since, surprisingly, the C¢As bonds exhibit a
relative stability quite similar to that of the C¢P
linkages.

For HCN only the nitrogen attached species is
stable, while for HCP and HCAs only the carbon
attached structures are found.

Methyl substituent effects for phosphorus and
arsenic compounds are systematically larger than for
the corresponding nitrogen derivative. These differ-
ences are more pronounced in Cu1 complexes than in
protonated structures.

The observed differences in the aforementioned
reactivity trends reflect significant dissimilarities in
the charge redistribution undergone by the neutral
when it interacts with the attaching ion. This is a
direct consequence of the fact that while nitrogen is
more electronegative than hydrogen and carbon,
phosphorus and arsenic are not. This is clearly re-

Fig. 7. Relative stability of C§X (X 5 N, P. As) linkages as
compared with C§C bonds for both neutral HC§X species and their
protonated forms. Values (in kilocalories per mol.) obtained at the
B3LYP/6-3111 G(2df, 2p) level of theory. These values include
the corresponding ZPE corrections evaluated at the B3LYP/6-
311G(d, p) level.
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flected in the optimized geometries and in the shift-
ings of the harmonic stretching frequencies.

Finally, it is worth to emphasize that the B3LYP
method, when used with a flexible enough basis set,
can be a reliable alternative to high level ab initio
calculations, for the theoretical treatment of, not only
first-row, but also second- and third-row containing
compounds.
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F. Anvia, R.W. Taft, J. Phys. Chem. 94 (1990) 4796.

[5] See for instance, (a) G. Bouchoux, J.P. Flament, Y. Hoppil-
liard, J. Tortajada, R. Flammang, A. Maquestiau, J. Am.
Chem. Soc. 111 (1989) 5560; (b) A. Luna, M. Ya´ñez, J. Phys.
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M. Yáñez, J. Phys. Chem. 101 (1997) 5931; (b) A. Luna, B.
Amekraz, J. Tortajada, J.-P. Morizur, M. Alcamı´, O. Mó, M.
Yáñez, J. Am. Chem. Soc. 120 (1998) 5411; (c) A. Luna, J.
Tortajada, J.-P. Morizur, M. Alcamı´, O. Mó, M. Yáñez, J.
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