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Theoretical Investigation of Clusters of Phosphorus and Arsenic: Fascination
and Temptation of High Symmetries

Paola Nava and Reinhart Ahlrichs*®!

Abstract: We present a theoretical
study of the energetic and thermody-
namic stability of selected phosphorus
and arsenic clusters containing 18 to
168 atoms. For this purpose we employ
MP2 as well as DFT functionals BP86
and B3LYP with extended basis sets.

more, islands of stability result for ring-
shaped clusters X,,, with D,, symmetry
for n=4 (only for arsenic), 5, 6, and 7.
Phosphorus and arsenic show otherwise
a very similar behavior. An investiga-
tion of basis set effects shows that a
doubly polarized triple zeta valence

basis (TZVPP) is both necessary and
sufficient. In comparison to the reliable
spin component scaled MP2 (SCS-
MP2) procedure, DFT methods under-
estimate and MP2 overestimates the
stability of larger clusters; the discrep-
ancy increases with the number of

All procedures predict the family of
one-dimensional polymers Xg, 1»,, €ach
with 2"7! isomers of virtually identical
energy, to be more stable than other
structures investigated so far. Further-

arsenic -

Introduction

Highly symmetric molecules, such as the famous icosahedral
species [B,H,]*", [Al,,H,]*", and the fullerene Cg, are fas-
cinating to many chemists.'”?*) The aesthetic appeal has
motivated the search for further icosahedral clusters or clus-
ter ions, very often led by quantum-chemical investigations.
Notable successes in this respect, when predictions were
confirmed by experiment, include the impressive recent ex-
ample WAu,,.>%!

Theoreticians have another reason, besides aesthetics, to
consider highly symmetric molecules: the relatively low
computational requirements. If |G| denotes the order of
the molecular symmetry group G, then CPU times scale as
|G| ' to |G| 2, provided symmetry exploitation is properly
implemented. Integral evaluation (including quadrature) in
HF, DFT, and MP2, the only ab initio methods routinely ap-
plicable to larger molecules, scales as |G|~/ diagonaliza-
tions roughly as |G|~ as is obvious from Roothaan’s analy-
sis of the treatment of symmetry.®” The reduction for
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atoms. The addition of a long-range
dispersion correction to B3LYP ener-
gies does not rectify the shortcomings
of DFT in comparison with SCS-MP2.

single-point energy and gradient calculations is enhanced in
a geometry optimization due to the smaller number of de-
grees of freedom, giving roughly an additional |G| scal-
ing. Symmetry exploitation thus makes truly impressive
quantum-chemical treatments possible.

Karttunen et al.l'™?! have recently applied theoretical
methods for I,-symmetric clusters as large as Assy and Py,
and ring-shaped clusters X,,, (X=P, As) with symmetry D,,
up to Xsze. Dodecahedral P,, was long ago computed to be
unstable with respect to tetrahedral P4,[12] more recent work
reaches the same conclusion for fullerene-like clusters P,
for m between 14 and 60.”) Karttunen et al. report larger I-
symmetric clusters from Pg, up to P;,, to be stable with re-
spect to P,. For As, even As,, is found to be lower in energy
than five As,. The largest cohesive energies are reported for
the ring-shaped clusters X,,,, which reach a stability maxi-
mum around Xg.

The computed stability of ring-shaped structures poses
some questions. The first one concerns the reliability of
computational procedures employed by Karttunen et al.,
B3LYP and MP2, which have known shortcomings. The
second concerns the basis sets used: to treat all clusters on
the same footing, relatively small basis sets had to be
chosen, which may also affect results. Finally, a large variety
of low-energy structural motifs is known for clusters of
phosphorus from the work of Hiser et al.,*'*!?l and there
may be other isomers, which are energetically and thermo-
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dynamically favored over the ring-shaped structures. These
topics will be addressed in the present work.

Computational procedures

We performed DFT calculations with functionals
BP86[22%26351 apnd B3LYP,?3 3 a5 well as MP2 calculations
as implemented in TURBOMOLE. 3 In MP2 treatments
we kept core orbitals frozen: a Ne core for P and an Ar
core for As. Preliminary structure optimizations were car-
ried out with BP86 using the small SVP (split valence plus
polarization) basis set,’”l followed by analytical force field
calculations to compute (harmonic) vibrational frequencies,
to establish local minimum character, and to estimate corre-
sponding contributions to the free energy. Final results were
obtained with the larger def2-TZVPP basis set’™” (here de-
noted TZVPP, triple zeta double polarization) for BP86 and
B3LYP, and single-point MP2 calculations at the B3LYP ge-
ometry. Structure optimizations were done on the basis of
redundant internal coordinates.’*! The RI technique (resolu-
tion of the identity) was employed in DFT-BP86 and MP2
treatments with appropriate auxiliary basis sets."**! The
more CPU-demanding calculations for clusters with over 50
atoms were done with parallel implementations for SCF,”!
B3LYP™ and RI-MP2 (module RICC2)!! on typically
eight processors. A genetic algorithm®! was employed to
find low-energy structures for P,, and As,,. The population
size was 40, the number of children 32. The search was done
with BP86/SVP, the structures located were then refined
with the TZVPP basis in BP86 and B3LYP, followed by
single-point MP2 calculations. The choice of methods was
motivated by the following considerations.

B3LYP and MP2 are proven procedures for the treatment
of closed-shell cases with clear-cut single-reference character
as considered in this work. B3LYP, as with all DFT function-
als, does not account reliably for long-range dispersion inter-
actions,™ and thus tends to underestimate the stability of
larger molecules in comparison to smaller ones. MP2, on the
other hand, includes dispersion interactions in an approxi-
mate way, but it shows a tendency to overestimate these ef-
fects." ¥ This deficiency is rectified to a large extent by the
“spin component scaled” procedure (SCS-MP2) of
Grimme,” which has been shown to be surprisingly accu-
rate, in many cases even close to QCISD(T) and CCSD(T)
results.'® It is thus to be expected that SCS-MP2 is more
accurate than either B3LYP or MP2. Non-hybrid functionals
are typically less accurate for energetics than hybrid func-
tionals. Since we are dealing with relatively simple systems
and since BP86 is about an order of magnitude (or more)
less demanding computationally than B3LYP, we found it
worthwhile to also document BP86 results.

The TZVPP basis was selected since it gives results close
to the basis set limit for SCF and DFT treatments, as shown
in an extensive benchmark study.’) TZVPP is also the
smallest basis set to yield reasonable reaction energies in
correlated treatments. Although basis set convergence is
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here clearly slower than for SCF or DFT, it may be safely
expected that TZVPP is close to the basis set limit for the
reactions considered in this work.””) We checked this as-
sumption in SCS-MP2 treatments of selected smaller clus-
ters by employing a polarized quadruple zeta valence
(QZVPP) basis.F"!

In the choice of structures we rely heavily on the compre-
hensive theoretical studies by Hiser et al.l*'*>"3] We found
it worthwhile to check these by an unbiased systematic
search for low-energy isomers. This was accomplished by ap-
plying a genetic algorithm. P,, and As,, are just small
enough for such a procedure to be feasible; they are also
large enough to test Héser’s structural rules and the useful-
ness of the genetic algorithm.

Structures Considered

The first series considered consists of one-dimensional poly-
mers Xig, 1., Which are depicted for P,g and Py in Figure 1.
The great stability of these curved C, -symmetric structures
was discovered by Héser, and they were also treated by
Karttunen et al. for Pig up to P,s."! By carrying out a ring
closure?! one gets Xy, with D,, symmetry (Figure 1).
These rings are without strain around Xg4, as can be infer-
red from corresponding angles of the curved C,, chains,
whereas some strain is inevitable below and above that size.
This probably causes Xg, to have the lower symmetry D, in-
stead of Dy,; Karttunen et al. found C,,, they may have over-

Figure 1. Computed structures of X, based on the building block (XsX,),
top to bottom: Xy5, C,; Xyg, Cyy; and X5y, D5
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looked the higher symmetry."” The favorable energy of
these and other rings results from the absence of Xz end
groups, which are relatively high in energy.

A second series of polymers is based on Hiser’s R-
(P,P,),P-R compounds, with end groups R =P (Figure 2).
(The first members of this and of the preceding series, Xis,

Figure 2. Computed structures of X, based on the building block (X;,X5),
top to bottom: X3, Cy; curved Xeq, Co; helical Xq6, Cy5 and X, Dsg-

are actually identical.) This structural type leads to a helical
geometry (among others, vide infra), and Hiser’s prediction
of pronounced stability was confirmed by the preparation of
helical (P,P,y)., embedded in a Cul matrix.””’The chains
(P,Pyy),P, in fact constitute an entire family. In each
(P,P,,P,) unit, the two P, axes have a torsion angle of rough-
ly 120°, which turns into —120° in the mirror image of this
moiety. There is even a third possibility with an eclipsed po-
sition of the five-rings, but this is higher in energy by about
55 kJmol~!. In building a polymer chain (P,P,),P,, one thus
has two choices for each (P,P,,P,) link, which yields 2"~! iso-
mers, since the 2" cases come in pairs of mirror images. In
Figure 2 we show for X, that is, n=4, the two extreme
cases: the curved C; structure with alternating and the heli-
cal G, structure with identical torsional angles. Since all 2"
isomers have identical topology within each (P,P,,P,)
moiety, they are expected to be very close in energy. The
curved structures can also be closed to a ring by removing
the Pg end groups, as shown in Figure 2 for X,,,. The con-
struction of small ring-shaped clusters requires a large cur-
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vature, which can only be achieved by alternating torsion
angles within (X,X,,),. This leads to the composition X,,,
with D,, symmetry. Larger rings can of course also be ob-
tained from chains with a proper choice of torsion angles.
I,-symmetric structures were first studied by Hiser at al.
for P,,"” an extended treatment of larger clusters has re-
cently been carried out by Karttunen et al.,"¥ and herein
we treat X,, and Xy, for X=P, As (Figure 3). We have fur-

Figure 3. Computed structure of icosahedral P,, and Py,

thermore considered other structures proposed by Hiser
etal.™ but these turned out to be higher in energy than
those of the first two series.' In Figure 4 we present the

Figure 4. Computed structures of low-lying energy isomers of Xj.

! Those structures included, for example, Pss, Figure 10d in reference [4],
which is the model compound for Hittorf’s phosphorus.
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structures considered for X,,, which were partly obtained by
the genetic algorithm.

For As, we consider the same structures as for P,,. The
great similarity of P,, and As,, is,” not unexpectedly, shown
by the fact that very good starting geometries for a structure
optimization can be obtained by simply scaling cartesian co-
ordinates with the ratio of covalence radii, that is, 1.21:1.10.
This is also demonstrated by the results of the genetic algo-
rithm: starting from the (scaled) structures of As,, for P, (or
vice versa) did not produce new structural types of low
energy and resulted in the same lowest isomers. The similar-
ity of P,, and As,, greatly facilitates structure optimizations
by starting with P, less demanding, and then refining the
scaled structures for As,,.

Discussion

Our calculations are limited to clusters with up to 168
atoms, mainly because of computational demands resulting
from low molecular symmetries in connection with employ-
ing an extended basis set. To give the reader an impression
of the computational demands, we report timings for the
most expensive calculations. The RI-MP2 energy calcula-
tions for As,y (Asy) in Dgy (C,) symmetry with 6912 (4320)
contractions, 22896 (14310) auxiliaries, and 1080 (675) cor-
related MOs, required 85h (78h) on 12 AMD Opteron
2.5 GHz processors. SCF or B3LYP calculations required in
these cases just a few percent of these timings.

Results are discussed on the basis of computed reaction
energies relative to those of tetrahedral X,:

AE(Xy) = - E(X,)~E(X,.Ty) 1)

Tables 1 and 2 contain AE(X,,) data for X=P and As,
and graphical representations of AE for these cases are
shown in Figures 5 and 6, respectively.

Aspects of methodology: The large spread of B3LYP and
SCS-MP?2 results is the most striking feature of the comput-
ed reaction energies. The corresponding deviations are even
larger if one compares the B3LYP results with those from
MP2 calculations, as shown for the results obtained for P,,,
and As;y, with Dy,, symmetry (Tables 1 and 2). Compared to
the SCS-MP2 method, MP2 overestimates the stability of
P,y by 16.5kImol™ (P,) and that of As;,, by 18.8 kImol ™'
(As,); a correspondingly smaller (larger) effect is found for
the smaller (larger) clusters. We consider this an artefact of
MP2, which predicts large clusters to be much too stable.
The considerable spread between AFEgsyyp and AFEgcsyps
results is attributable to the fact that DFT does not properly
account for long-range dispersion forces. Following the sug-
gestion by one of the referees, we have also investigated the
semiempirical long-range dispersion correction proposed by
Grimme® on top of B3LYP energies: the B3LYP-D proce-
dure. Single-point B3LYP-D/TZVPP energies have been
computed for B3LYP/TZVPP structures, which allow a
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Table 1. Computed AE data in kImol™! (P,) of P, relative to P,, accord-
ing to Equation (1), at different levels of theory (def2-TZVPP basis set).
G denotes the symmetry group, AF is the computed Helmholtz free
energy contribution at ambient conditions, see text for details.

m G BP86 B3LYP SCS-MP2 SCS-MP2+AF

genetic algorithm, Figure 4

20 Cy —33.1 —21.8 —38.7 4.5

20 C,, —32.1 —21.1 -394 32

20 C, -31.3 —19.1 —36.3 6.5

Pig1100 G,y Figure 1

18 C,, -35.5 —242 —41.2 -22

28 G, —427 -302 521 -51

38 GC,, —46.1 -33.0 -57.1 -79

58 C,, —49.6 —35.8 —62.0 -10.6

78 C,, —51.1 —37.1 —64.4 —12.1

118 C,, —52.7 —384 —66.8 -

148 G, —53.3 —38.9 - -

ring-shaped Py, Figure 1

80 Dy, —35.8 -16.9 -51.1 2.3

120 Dy, -52.5 —36.3 —68.5 —13.7
(—85.0)1

150 Dy, -55.0 —39.5 -71.0 -

160 D, -55.3 —40.0 - -

Pig1 10, Figure 2

30 G, —44.2 —31.4 —54.3 —6.6

42 G, —48.1 —34.6 -59.8 -9.9

66 (o —51.4 -373 —64.7 -12.6

66 G, —51.5 —37.4 —64.9 —-12.8

78 G, -52.3 —38.1 —66.1 —13.4

90 G, -53.0 —38.5 —67.3 —13.8

114 C, —53.8 -393 —68.4 -14.9

138 C, —54.3 —39.7 —69.51 -

ool?! - 574 422 -73.7 -

ring-shaped P,,, D,,, Figure 2

96 Dy, =511 =351 —67.0 —12.3

120 Ds, -56.3 —41.0 -72.5 -173

144 D, -57.1 —42.0 -73.0 -

168 D, -56.3 —413 - -

icosahedral clusters, Figure 3

20 I, 25.3 36.6 40.8 84.0

80 1, -7.4 17.3 —25.8 28.1

[a] MP2 value. [b] Extrapolated value for the series Pyg,,,, according to
Equation (2).

direct comparison with SCS-MP2 energies collected in
Tables 1 and 2. A very consistent trend emerges for clusters
with 18 to 66 atoms: B3LYP-D overestimates the stability of
P, by (14+1)kJmol™ (P,) and that of As, by (27+
1) kJmol™" (As,) relative to the energies calculated by SCS-
MP2. For the small clusters X, this means that B3LYP-D
has the same error as B3LYP itself (relative to SCS-MP2),
only the sign is reversed. B3LYP-D is clearly not a useful
approximation to SCS-MP2 energies for clusters of P and
As. Since we are dealing with relatively simple reactions,
which involve only closed-shell cases of clear-cut single ref-
erence electronic structures, our findings should be taken as
one more warning not to overestimate the accuracy of com-
putational procedures, which are only proven for benchmark
sets of small molecules.

BPS86 is typically inferior to SCS-MP2 and B3LYP for re-
action energies. For the cases considered here, it is closer to
SCS-MP2 than B3LYP, and a useful guide for relative stabil-
ities. As long as a reliable calibration of computational pro-
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Table 2. Computed AE data in kJmol ™' (As,) of As,, relative to As,, ac-
cording to Equation (1), at different levels of theory (def2-TZVPP basis
set). G denotes the symmetry group, AF is the computed Helmholtz free
energy contribution at ambient conditions, see text for details.

m G BP86 B3LYP SCS-MP2 SCS-MP2 +AF

genetic algorithm, Figure 4

20 Cyp —41.0 -32.6 —58.2 —16.1

20 C,, —37.6 —29.3 -57.0 —15.5

20 C, —40.4 -31.4 -57.7 —15.8

20 C, —38.3 —28.5 —55.7 —13.6

Asig 4100 Gy, Figure 1

18 G, —42.6 —34.5 —60.1 —18.7

28 C,, —48.7 —39.6 -72.1 -26.3

38 C,, —51.6 —42.0 -77.3 -29.6

58 C,, —54.3 —44.2 —82.8 -32.8

78 C,, —55.7 —45.4 —85.4 —34.4

118 C,, -57.0 —46.4 - -

148 C,, -57.5 —46.9 - -

ring-shaped As,,, Figure 1

80 Dy, —48.1 -33.6 —80.5 —28.0

120 Dy, —58.5 —46.5 -92.2 -38.9
(—110.0)

150 Dy, -59.5 —48.2 - -

Asig4 12, Figure 2

30 G, -50.9 —41.4 —75.0 —28.5

42 C, —54.3 —44.3 —81.3 -32.7

42 G, —54.3 —44.3 —81.4 -32.6

66 C, —57.4 —46.9 —87.0 -36.4

66 G, -57.5 —47.0 —87.1 -36.4

78 G, —58.3 —47.6 —88.5 -373

90 G, -59.0 —48.2 —89.8 -

114 C, —59.7 —48.8 —91.40 -

ool®! - —63.0 -51.6 -972 -

ring-shaped As,,, D,,, Figure 2

96 Dy, —59.5 —47.2 -92.7 -394

120 Ds, —62.7 -51.0 -96.3 —42.7

144 Dq, —62.7 -51.3 —96.0 -

icosahedral clusters, Figure 3

20 I, -7.8 -0.1 -7.8 37.3

80 I, —34.0 —15.2 -72.5 -19.4

[a] MP2 value. [b] Extrapolated value for the series As;g, 5, according to
Equation (2).

oo 148 m 18
UL [ UL |

SCS-MP2 |

— Plgiion |

P T T T18+12n

S13.7 1 1 1 1 1

Figure 5. Fit of reaction energies AE in kImol™' (P,) for two families of
clusters P, from Table 1, as explained in text. Lines obtained from the re-
gression [Eq. (2)], full circles represent computed AE data for Pg, 5,.

cedures, either by measurements or by accurate CCSD(T)
results, is lacking, we must conclude that neither of the
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Figure 6. Fit of reaction energies AE in kJmol ™' (As,) for two families of
clusters As,, from Table 2, as explained in text. Lines obtained from the
regression [Eq. (2)], full circles represent computed AE data for Asgyy,.

methods available to treat systems of this size can predict
AE with the desired accuracy of 1 kJmol™ (X,). Matters are
not quite that hopeless, however, since differences of AE
are quite similar for clusters of similar size: all procedures
predict virtually the same ordering of AE (Figures 5 and 6).

To conclude this subsection, we comment briefly on basis
set effects. The small SVP basis, results not documented,
consistently overestimates the stability of larger clusters rel-
ative to X, by 10 to 20kJmol™! (X,) in DFT treatments.
This is certainly due to basis set superposition effects. The
consequences of using an SVP basis can be quite dramatic:
Karttunen et al. find Py, (Z,) to be more stable than P, (T,)
by 6.7 kJmol™! (P,) with B3LYP, the TZVPP basis predicts
Py, to be unstable by 17 kImol™" (P,) (Table 1).> The short-
comings of SVP-type basis sets have already been pointed
out by Hiser et al.™ For the small systems Xy, X5, Xas, Xz0,
and X33 we have carried out SCS-MP2 calculations (at the
B3LYP/TZVPP geometries) with the QZVPP basis.”” The
results are collected in Table 3. A comparison with results in

Table 3. Computed SCS-MP2 reaction energies AE in kJmol ™ (X,, X=
P, As) obtained with the QZVPP basis set, nomenclature as in Tables 1
and 2.

m G P As

4 T, 0.0 0.0
18 C,, —45.5 —54.8
28 C,, -56.9 —66.0
30 G, -59.1 —68.8
38 C,, —62.0 -70.9

Table 1 and Table 2 shows that TZVPP underestimates the
stability of P,, by roughly 4.6 kJmol™" (P,) and overestimates
the one of As,, by roughly 5.8 kimol™' (As,). The deviation
depends on system size m, which would allow us to extrapo-
late QZVPP results for the remaining clusters. A decompo-

> We have checked the correctness of the B3LYP results given in refer-
ence [19] by employing the basis set used in that work.
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sition of the total SCS-MP2 energy into an SCF and a corre-
lation contribution shows that the latter amounts to about
80% of the deviation between TZVPP and QZVPP.

Computed reaction energies AE: The computed reaction
energies collected in Tables 1 and 2 and shown in Figures 5
and 6, are easily interpreted since BP86, B3LYP, and SCS-
MP?2 predict the same energetic order for clusters of compa-
rable size, and P,, and As,, show very similar trends. The re-
markable consistency of computed AE within the series
Xigt10. and Xig 1y, 1s also reflected by the quality of a re-
gression analysis for the ansatz (2),

AE(X,) =a +% (2)

which leads to an rms of less than 0.2 kJmol' (X,). This
permits an extrapolation of AE for larger clusters, as done
in Tables 1 and 2.

Among the open structures, Xig, 5, is definitely more
stable than the curved isomers Xz, 1o, With C,, symmetry. A
direct comparison is possible for P;: the SCS-MP2 energy
of the C, structure is 33 kJmol™' lower than that for the C,,
structure. For As;s the difference is even 60 kJmol™'. The
X412 Structures are even more stable than the ring-shaped
Xion structures. The isomers of Xg, o, are virtually isoener-
getic, as conjectured in the Computational Procedures sec-
tion: values of AE [Eq. (1)] differ by 0.1 kJmol™ (X,) at
most, as documented in Tables 1 and 2 for X with C; and
C, symmetry. The helical structures are slightly favored en-
ergetically for all methods in all cases investigated.

The smallest AE values are obtained for the ring-shaped
Xosm systems (D,,), which assume a minimum for Py, and
Asjy. The smaller and larger structures of this type are
strained, as we checked for P: structure parameters of P
(C,) (Figure 2) show virtually perfect angles necessary for a
ring closure. The computed AE value for the most stable
rings is thus expected to be close to that of an infinite chain
(X,Xi0)e- This is confirmed by the results (Tables 1 and 2):
extrapolated AE values for the chains deviate by
0.9 kImol ! (X,) at most from those of the most stable rings.

The icosahedral clusters P,, and Py, are computed to be
considerably less stable than other structures of similar size
for all computational methods applied in this work. Py, (1,
is not even stable with respect to 20 P, (T,) within B3LYP.
The situation is similar for As,, and Asg, although the
energy differences with respect to other clusters is consider-
ably smaller than for phosphorus. The known icosahedral
cluster ion [(AsNi;,)As,]*~ shows, however, that cages may
be stabilized to yield very interesting compounds.?*!

Finally, the family of isomers Xz 15, is outstanding in var-
ious respects: with the exception of ring-shaped X,,, struc-
tures Asgs, Xiz0, Xias» and Xigg, it is the lowest in energy, it
has a large statistical weight of 2"~', and it permits the con-
struction for large n, which is not possible without strain for
the curved C,, structures Xg 10,-
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Low-energy structures of P, and As,: Hiser et al.’have
mentioned three low-energy structures for P,, with C,,, C,,
and C; symmetry. The energetic order is not conclusive
since only very small basis sets have been used. The genetic
algorithm finds the C,, and the C,, structures only after 300
generations. It locates two low-lying C, structures (Figure 4).
The first C, structure complies with the description P,,P,Pg
of Hiser et al. For P, the C,, isomer is only slightly favored
over the C,, isomer for SCS-MP2, both DFT functionals
give the reverse ordering. The C; structure is 15.6 kimol™'
higher in energy (corresponding to AE=3.1kImol™' (P,),
Table 1), the C, isomer is even higher, 30 kJmol~' above the
C,, structure.

Matters are only slightly different for As,. The C,,
isomer is most stable for all procedures, followed by the C;
structure, which is just 2.2 kimol* higher (SCS-MP2). Even
the C,, and C, isomers are only marginally less stable (5.8
and 12.6 kImol~!, SCS-MP2). All four isomers of As,, are
thermodynamically stable with respect to As,, quite differ-
ent from P,

Effects of vibration and temperature: Thermodynamic equi-
librium depends (in addition to electronic energies) on vi-
brational, rotational, and translational degrees of freedom
and their temperature dependence. These effects are easily
evaluated if one assumes ideal gas behavior and validity of
the harmonic approximation for vibrations, provided har-
monic frequencies are known. We have computed the latter
within BP86/SVP, with the exception of largest clusters, and
evaluated the contribution AF to the Helmholtz free energy
at ambient conditions. The SCS-MP2+AF entries in
Tables 1 and 2 include AF in addition to SCS-MP2 results of
Equation (1). The small molecules P, and As, are clearly fa-
vored by AF, but for the larger clusters we find a very
smooth behavior of AF. The variation of this quantity is cer-
tainly smaller than the probable error of computed energies.
For this reason we refrain from a detailed discussion and
only note the most important effect. The gain in energy
seen for the larger clusters is almost compensated by AF
such that the resulting corrected values show much smaller
variations and indicate reduced thermodynamic stability
than inferred from the electronic term.

Conclusions

We have investigated two families of one-dimensional poly-
mers of phosphorus and arsenic: X5, 0, With C,, symmetry
and X, 15,, Where the latter constitutes a set of 2"~' isomers
of almost identical energy. The series Xig 1o, is definitely
more stable than the series Xig, 1, thus confirming a con-
jecture of Hiser.!! From the chains one can further form
ring-shaped structures by deleting X end groups and ring
closure, leading to X, with D, and X,,, with D,, sym-
metry. The rings are more stable than the corresponding
chains in the (approximate) range X to Xa.'>? The X,
structures are less stable than the X5, ,, chains; the most
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stable compounds found are the D,, structures Asy, Xi,
X and X (and possibly X,q,, which was not investigat-
ed). All these clusters are markedly more stable than the
icosahedral structures of X,, and X.

The present results are generally in agreement with those
of Karttunen et al."*?"7 as far as comparison is possible. De-
viations result from differences in basis sets (more extended
in this work) and methods employed (MP2 vs. SCS-MP2).

The clusters mentioned so far were essentially obtained
from motifs first discussed by Hiser et al.*') A rigorous
search for low-energy isomers of X,, turned out to be of
little help, since the genetic algorithm required 300 genera-
tions to find the known isomers with C,, and C,, symmetry.
Two low-energy structures with C; symmetry were located
that are close in energy to the most stable C,, or C,,. There
is an urgent need for procedures to locate low-energy iso-
mers, which are more efficient than either a molecular dy-
namics run with simulated annealing or a genetic algorithm.

Effects of vibrations and temperature favor the small 7,
tetramers X,, the corresponding contributions AF cancel to
a large extent the gain in electronic energy seen for the
larger clusters.

Clusters of phosphorus and arsenic have many features in
common, reflecting their close chemical similarity, which has
been rationalized by Pyykko®! in terms of partial 3d-screen-
ing. Besides the small tetrahedral compounds X,, there is a
rich zoo of local minima, but the energetically and thermo-
dynamically most stable structures are low-symmetry chains
of the family Xg,,,, Which are surpassed in stability only
by rings X,,,. Both types of clusters do not lead to space-fill-
ing solids, but they should be detectable under suitable con-
ditions.
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