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Abstract: A series of P/As mixed pnic-
ogen phases of composition
(Cul)gPy,_(As,, in which x=2.4, 42,
4.8, 5.4, and 6.6, have been synthesized
and characterized by X-ray single crys-
tal and powder diffraction, solid-state
NMR spectroscopy, thermal gravimet-
ric analysis, and impedance spectrosco-
py- These materials are isostructural to
(Cul)sPy, and consist of neutral, tubu-

by As relative to the other sites. Ac-
cordingly, the change in cell volume is
not a linear function of the As incorpo-
ration. Solid-state *P NMR spectrosco-
py of the 40% As incorporated sample
are consistent with the X-ray structural
model, with extensive broadening due
to *P-"As coupling and site disorder,
and a change in the chemical shifts of
the resonances due to the As substitu-

tion into the lattice. The degree of
copper ion site disorder, probed by
single-crystal X-ray diffraction, increas-
es with increasing As content. Al-
though very little change is observed in
the copper ionic conductivity of poly-
crystalline samples, which ranges from
1.8-5.1x10°Scm ™! for (Cul)sPy,_,As,,
x=0, 4.2, 5.4; a single crystal (x=4.8)
measured along the needle axis has a

lar P/As mixed pnicogen chains associ-
ated with Cu' and I ions. The As is
distributed throughout the pnicogen
chains; however, the “roof” sites of the
[P8] cage show preferred occupation

copper

Introduction

The copper—pnicogen-halides represent a relatively small
class of compounds featuring infinite chains of phosphorus
surrounded by Cu' halide."! The number of existing phases
in this distinctive class of compounds is extremely small, and
hitherto only Cu-P-X (X=Br, I) compounds have been re-
ported. These can be categorized into two classes, neutral
((Cul)gP,,@  (Cul),P,,,! and (Cul),P,,') and anionic
(CusP 5L and Cuy,PyBry®) based on the charge on the
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conductivity of 1.7x107°Scm™ at
128°C. This represents an order of
magnitude improvement in conductivi-
ty over (Cul)gP,, at the same tempera-
ture.

chains of phosphorus.”! The former have Cu' weakly associ-
ated with the neutral pnicogen chains and are known to
demonstrate predominantly Cu' ionic conductivity. In con-
trast, the latter have strong electrostatic interactions be-
tween copper ions and negatively charged phosphorus
atoms that hinder the mobility of Cu' ions, resulting in pre-
dominantly electronic conductivity.”! Among the Cu-P-X
compounds, (Cul)gPy,, the most cuprous iodide-rich neutral
phosphorus phase, has shown the best ionic conductivity to
date: 0=1.90x10°Scm™ at 186°C for a single crystal.’l
However, it is several orders of magnitude less than that of
the best copper ion conductor known thus far,
Rb,Cu,[,Cl;5,” (6=0.34 Scm™ at room temperature).

We sought to examine whether copper ion conductivity
could be improved by tuning the pnicogen—copper interac-
tion, specifically by incorporating larger, more polarizable
pnicogens (As, Sb). Although the logical end products
(Cul)gAs,, and (Cul)sSby, do not appear to be stable, we dis-
covered that solid solutions of P/As chains could be pre-
pared and a new compound, (Cul)gP;,As,s, in which 40 %
of P is substituted by As, has been reported."” This com-
pound is isostructural to its parent compound, (Cul)sP,,
consisting of alternating Png cages and Pn, planar squares
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(Pn=P/As) to produce ! ([Pn8]Pn4(4)[) polymeric tubes
(according to nomenclature proposed by Bocker and
Hiser"). These 1D chains have a close similarity to the
units found in Hittorf’s violet modification of phosphorus!'”!
(. ([P8]P2[PI]P2[), Figure 1), but are surrounded by Cu' and

Figure 1. Structure of polyphosphorus chains: Top: a fragment from Hit-
torf’s phosphorus; Bottom: a fragment of phosphorus chain from
(Cul)gPy, . The “roof” positions are noted with *.

iodide ions. Recently, it has been shown that the pnicogen
chains in both (Cul)sP;, and (Cul)sP;,As,s can effectively
be liberated from the Cul host by treatment with aqueous
potassium cyanide, producing novel allotropes of phospho-
rus and binary P-As, respectively.'*'¥]

Although each pnicogen position in (Cul)sP;,As,s has
shared occupancy of both P and As, the “roof” positions in
the [Pn8] cages (indicated by * in Figure 1) appear to be As
rich, suggesting that these are not true solid solutions, but
that there are preferred sites for As within the structure.
Furthermore, the Cu' lattice in the 40% As phase shows in-
creased disorder relative to the parent compound, suggest-
ing that As substitution may lead to augmented copper ion
conductivity. Accordingly, we sought to prepare a series of
compounds (Cul)¢P;,_,As,, over the solid-solution range
12>x>0, in order to assess the extent to which As can be
incorporated, the degree of As ordering in the pnicogen
chain, and the change in Cu' ion conductivity upon As sub-
stitution. Herein we report a series of five P/As mixed pnic-
ogen compounds with 20-55% As incorporation:
(Cul)sPy,_,As,, in which x=24, 4.2, 4.8, 54, and 6.6; and
provide comparisons of their structural and physicochemical
properties, with the intention of addressing the questions
posed above.

Results and Discussion

Synthesis and composition of mixed pnicogen compounds—
probing the limits of As incorporation: The ability to syn-
thesize P/As mixed pnicogen compounds with As up to
40%"% led us to question just how much As can in fact be
substituted for P in (Cul)sP,; accordingly, syntheses of
(Cul)sPy,_,As, phases with As content up to 90% were car-
ried out using conventional high-temperature ampoule tech-
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niques. Stoichiometric amounts of Cul, red P, and elemental
As were ground together, pressed into a pellet, placed in an
alumina boat, and heated at 550°C for two weeks in an
evacuated fused silica jacket. The targeted stoichiometries
were (Cul)sPiosAs;, (10% As), (Cul)gPyeAs,, (20% As),
(Cul)gP;5As,, (35% As), (Cul)gP,,As,s (40%  As),
(Cul)gPseAssy (45% As), (Cul)gPs,Asgs (55%  As),
(Cul)¢P,3As,, (60% As), and (Cul)gP;,As55 (90% As).

During the reactions, vapor-phase transport occurred, re-
sulting in well-formed crystals at the colder parts of the am-
poule. To facilitate transport, the pellet (reactants) was
placed nearest to the thermocouple to generate a tempera-
ture gradient of approximately 40°C. In most of the reac-
tions, the pellet residue was also covered with crystals. The
crystals are dark with a metallic luster and form as flat nee-
dles, similar to those of (Cul)¢P;,. It was difficult to produce
a substantial amount of transported crystals from the low
As compositions (10% and 20% As) even upon recrystalli-
zation. On the other hand, the major product of the 40 %
and 45% As reactions is bundles of crystals, formed after a
two-week heating cycle. There is also a rough correlation of
crystal size with the degree of As incorporation; small crys-
tals, about 1-3 mm in length, form for 10% and 20% As
compositions, whereas fairly long crystals, approximately 3—
10 mm, are obtained from the 40% and 45% As stoichi-
ometries.

Powder X-ray diffraction (PXRD) of the ground products
revealed the presence of elemental As in 60 % and 90% As
compositions, whereas no elemental As was detected for
compositions with a lower percentage of As. To verify the
compositional region at which phase separation occurs, reac-
tions with 55% and 60% As were repeated, and again, sig-
nals of elemental As were detected by PXRD only in the
60 % As composition. This suggests that the solubility of As
in the mixed pnicogen polymer is exceeded in the region be-
tween 55 and 60% As. Thus, despite the fact that neutral
tubular polymers are unknown for As, and that no pure ar-
senic phase isostructural to (Cul)sP;, exists, high amounts of
As can be stabilized within the chains in the presence of
phosphorus.

The PXRD patterns of ground crystals for compositions
up to and including 55% As feature narrow peaks of full-
width at half maximum height (FWHM)~0.1°, suggesting
the presence of a single-phase material, with a pattern simi-
lar to that of (Cul)¢P,,. As expected, the peaks are shifted
towards higher d spacings relative to the parent compound
(Figure 2). The residual pellet has a similar pattern to that
for the crystals, along with peaks corresponding to Cul.
Energy dispersive spectroscopy (EDS) on single crystals
imaged in the scanning electron microscope (SEM) indicat-
ed the presence of Cu, P, As, and L,¥! thus implying that the
compound is a quaternary phase. Quantification of As incor-
poration in crystals of 20%, 35%, 40%, 45%, and 55% As
samples was achieved by inductively coupled plasma-mass
spectrometry (ICP-MS) and the data are presented in
Table 1. In each case, the observed P/As ratio in the product
closely mirrors the preparation composition.
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Table 3. Crystal data and structure refinement parameters for
(Cul)sPyAs, 4

- formula (Cul)sPg,As;3

= M, 51012 g

= radiation Mok,

g 1 [A] 0.71073

= crystal system monoclinic

= ‘ space group P2,/c

1 a[A] 15.309(3)

= b [A] 13.057(3)

g c[A] 15.305(3)

= | al?] 90.0

—_ )

. ( I 2 B1°] 115.75(3)
__.JhJ__A..J._..L.{ijlkutlAl‘JThT.lL PO T, VLTI v [°] 90.0
-.'.!-\.--Ih.....li.‘u.ll—..i iu\Jlmknlij\nllMlq"\M'\Jﬂ [P T — 14 [Az] 27554(10)

10 20 30 40 50 60 70 z N 16
Ocatea [Mgm™] 4.919
28/degrees 4 [mm™'] 19.669
Figure 2. The PXRD patterns of parent (bottom) and 40% As (top) com- F(000) . 3581
pounds. crystal size [mm] 0.14 x0.06 % 0.04
6 range [°] 1.48-28.5
hkl range 0<h<20,-17<k<0, -20<I<18
absorption correction semi-empirical
The cell parameters of all the compounds were refined reflections collected 20266
from PXRD patterns by using Si as an internal standard unique reflections 6774
(Table 2). The lattice parameters obtained are nearly identi- R(int) 0.07
. . parameters 344
cal to those found by single-crystal studies for both R 0.0659
(Cul)sPy¢As,, (20% As, Table 3) and (Cul)sP;,As,s (40 % R, 0.1852
As).'% The shift of the PXRD patterns of the mixed pnico- GOF 1.10
gen phases towards higher d spacing relative to the parent largest peak/hole [e A™] 2.676/-1.928

compound (Figure 2) is consistent with an increase in unit
cell dimensions upon the substitution of phosphorus with
the larger arsenic atoms (Table 2). Together with the narrow
peak widths observed in XRD, these data suggest that the
compositions can be reproducibly targeted, and there is a
narrow phase dispersion among crystals obtained from a
single reaction.

Structure analysis for (Cul)sPy4As,,: In order to address
trends in pnicogen and copper distributions as a function of

Table 1. ICP-MS results obtained for different P/As mixed phases.

As incorporation, a single crystal corresponding to 20% As
was selected for analysis (Table 3). The 20% As compound
(Figure 3) is isostructural to the parent phase, as well as the
previously determined 40% As compound,™'” and contains
eight Cu, eight I, and twelve pnicogen atoms in its asymmet-
ric unit. While the eight I positions are fully occupied, the
copper sublattice consists of multiple partially occupied
sites. Thus, within a unit cell, the 32 Cu atoms are distribut-

ed over 72 identified Cu posi-

tions, in contrast to 60 positions

reported for (Cul)gP;,, and 92

Target Cu P As Formula based ositions reported for
compound ICP-MS ICP-MS ICP-MS on PAs analyses p p o

[ppm] [ppm] [ppm] (Cul)sP;,As,s (Table 4). Similar
(Cul)ePorAs,s (20% AS) 35.5(35) 20.0(20) 13.8(14) (CtyoD)PonAsa O OWhat was observed in the
(Cul)sP;sAs,, (35% As) ND 31.0(30) 35.0(30) (Cul)sPy 1o ASs s 40% As structure, all the pnico-
(Cul)gP,,As,5 (40% As) 43.0(40) 19.0(20) 32.0(30) (Cugosl)sProsAson  gen positions are shared by P
(Cul)sPyAss, (45% As) ND 19.0(20) 39.0(40) (Cul)gPg 40Ass s, and As, with the highest pro-
(Cul)sPs ,Aseg (55% As) ND 13.1(13) 39.4(40) (Cul)gPs 16Asg o4

[a] Cu content was experimentally determined only for 20 % and 40 % As samples. ND =not determined.

Table 2. Unit cell parameters!® and cell volumes of mixed pnicogen compounds.

Compound a[A] b [A] c[A] B VA%
(Cul)sPyeAs,, (20% As) 15.314(6) 13.062(3) 15.300(8) 115.76(2) 2756.4
(Cul)sP;5As,, (35% As) 15.435(4) 13.201(2) 15.405(5) 115.44(1) 2834.4
(Cul)sP;,As,5 (40% As) 15.466(7) 13.205(2) 15.420(7) 115.39(3) 2845.1
(Cul)sPscAss, (45% As) 15.468(7) 13.222(5) 15.417(9) 115.40(3) 28482
(Cul)sPs,Asgs (55% As) 15.525(9) 13.214(3) 15.454(9) 115.46(4) 2862.5

[a] Cell parameters obtained from PXRD refinement with an internal silicon standard.
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portions of As in the “roof” P7
and P10 positions, suggesting
clear site preferences for As in
the mixed pnicogen chains
(Tables 4 and 5). The degree of
As occupation is also reflected
in the P/As-P/As bond lengths,
with longer distances observed
for higher average occupancies,
similar to what was found for
40%  As!' P/As7-10=
2.479(4) A (average As occu-

Chem. Eur. J. 2005, 11, 37623772
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Figure 3. A portion of the crystal structure of (Cul)sPycAs,, with the
numbered copper sites bound to the P/As mixed polymer. The dark non-
bonded atoms represent the iodine atoms closest to copper. Some of the
iodine atoms have been omitted to permit visualization of all copper
sites. More detailed illustrations of the parent structure can be found in
references [1,2].

Table 4. Comparison of selected structural properties of (Cul)sPy,, 20% As, and 40 % As compounds.

FULL PAPER

one P/As and three I atoms and adopt a distorted tetrahe-
dral geometry.

Investigating the structure of the polymer chain by solid-
state NMR spectroscopy and X-ray powder diffraction: To
gain further insight into the local structure within the pnico-
gen chains, solid-state P NMR spectroscopy was utilized.
Solid-state *'P magic angle spinning (MAS) NMR experi-
ments conducted upon (Cul)yP;, and (Cul)sP,,As,s at high
spinning speeds (v,, between 26 and 29 kHz) yielded mark-
edly different spectra (Figure 4a and b). The *'P MAS NMR
spectrum of (Cul)gP,, (Figure 4a) is almost identical to spec-
tra of (Cul)sP;, recently reported by Eckert and co-work-
ers.'! Fine structure is observed, indicative of a complex J
coupling network between the *'P nuclei. In addition, the
fast MAS essentially removes most of the line broadening
arising from homonuclear dipo-
lar coupling. This spectrum

arises from 12 magnetically dis-

Structural property (Cul)sPy, (Cul)gPysAs, 4 (Cul)gP;,As,5 . 31 . ..
(parent) (20% As) (40% As) tinct P. nuclei, whose prelimi
——— nary assignments were made by

no. of Cu positions in unit cell 60 72 92 Eckert et al . 1t
range of Cu occupancies 0.15(1)-0.97(1) 0.040(10)-0.842(11) 0.057(14)-0.778(13)  —ckert etal. using several two-
As occupancies at 7 and 10 NALI 0.617(9)/0.444(8) 0.736(11)/0.647(11) ~ dimensional NMR experiments
bond length at P/As7-10 [A] 2.306(8) 2.478(4) 2.524(4) and quantitative chemical shift

range of Cu—Pn distances [A] 2.17(2)-2.32(2)

2.049(6)-2.317(9)

2.031(7)-2.341(17) comparisons.“f’]

[a] NA =Not applicable.

Table 5. Site occupancy factors (SOFs)l® for P/As and Cu atoms of
(Cul)sPyAs,.

Atom Occupancy Atom Occupancy
P/Asl 0.83/0.173(10) P/As7 0.38/0.616(10)
P/As2 0.75/0.253(10) P/As8 0.71/0.287(11)
P/As3 0.93/0.072(10) P/As9 0.81/0.194(9)
P/As4 0.75/0.247(10) P/As10 0.56/0.444(11)
P/As5 0.79/0.202(10) P/Asl1 0.68/0.318(10)
P/As6 0.83/0.166(10) P/As12 0.67/0.327(11)
Cul 0.781(11) Cul0 0.644(12)

Cu2 0.467(14) Cull 0.818(13)
Cu3 0.567(12) Cul2 0.628(12)

Cu4 0.621(11) Cul3 0.338(12)

Cus 0.164(14) Cul4 0.195(17)

Cub 0.179(13) Culs 0.204(16)

Cu7 0.846(12) Cul6 0.077(15)

Cu8 0.690(13) Cul7 0.040(10)

Cu9 0.562(11) Cul8 0.193(16)

[a] The SOF is equal to 1 for a fully occupied position. Iodine sites were
fully occupied.

pancy: 0.53), P/As2-3=2.203(8) A (average As occupancy:
0.16). The positions P/As11 and P/As12 in the P, planar ring
have the next highest occupancy of As within the polymer:
0.318(10) and 0.327(11), respectively. Each P/As atom is
bonded to three other neighboring P/As atoms and one or
two Cu atoms. In contrast to what was seen in the 40% As
structure, there are no Cu positions outside a reasonable
bonding distance to the pnicogens and the average Cu—P/As
bond lengh is 2.18(7) A. The Cu atoms are associated with

Chem. Eur. J. 2005, 11, 3762—-3772 www.chemeurj.org

The *'P MAS NMR spectrum
of (Cul)sP;,As,s (Figure 4b)
bears little resemblance to the

spectra of (Cul)sP;,. The peaks are substantially broadened
and shifted, with none of the resonances matching any of
those found in spectra of (Cul)gP,,, suggesting the local
phosphorus environment has changed (Figure 4c, d). There
are sharp resonances visible at 0=5.3 and —14.2 ppm that
likely correspond to some sort of impurity phase (indicated
by the daggers in Figure 4b), possibly some sort of phos-
phate or phosphite, which are known to have chemical shifts
in this region."*'! The broadening and shifting of the 3'P
resonances is the result of several factors, including 1) indi-
rect spin-spin coupling (J coupling) between *'P and "As
nuclei (“As is a quadrupolar nucleus with a nuclear spin of
3/2); 2) residual dipolar coupling between *'P and "As
nuclei, which cannot be removed by MAS;™! and 3) scalar
relaxation of the second kind of the *'P nucleus (resulting
from J coupling to As). All three of these factors have
been observed to drastically alter *'P powder patterns for
spin pairs involving half-integer quadrupolar nuclei, result-
ing in fine structure, line broadening, and apparent shifts in
the centre of gravity of the powder patterns.">*! In addition,
each phosphorus site will have three nearest neighbours in
the first coordination sphere, which may consist of P and As
atoms in ratios of 3:0, 2:1, 1:2 and 0:3, with the 2:1 and 1:2
ratios being the most common. This, in combination with ad-
ditional site variability in the second coordination sphere,
means that each phosphorus site will have a broadened reso-
nance resulting from a distribution of chemical shifts.*!]
Spin-spin coupling from multiple *'P and/or 7As nuclei fur-
ther convolute the *P NMR spectra; however, additional

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 3765
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150 100 50 0

400 200 0

-200 &/ ppm

Figure 4. *'P fast MAS NMR spectra of a) (Cul)sP,, (v,,,=28 kHz) and b) (Cul)gP;,As,s (v, =26 kHz) acquired at 9.4 T. Asterisks denote spinning side-
bands and daggers denote possible impurities. Expanded isotropic region of the P MAS NMR spectra of ¢) (Cul)sP;, and d) (Cul)gP;,As,s. Dotted and
dashed lines are used for comparison of peak positions in (Cul)gP;, and (Cul)sP;,As,s, respectively. Experimental (top), simulated (middle) and decon-

voluted (bottom) *'P MAS NMR spectra of ) (Cul)sP,, and f) (Cul)sP;,As,s.

coupling from %Cu can be neglected in this instance, as
there is no evidence of dipolar coupling between *'P/”As
and copper in these materials (see below) or between “Cu
and *'P in (Cul)gP,,.""

To obtain a simulation of the P MAS NMR spectrum of
(Cul)sP,,As,s, the assignments of the resonances in
(Cul)sPy, should first be considered. In Table 6 a comparison
is made between the assignments of Eckert and co-workers,
and our assignments, which differ only slightly. From high to
low frequency, there are 12 resonances arranged to form six
distinct spectral regions, which integrate as 5:1:1:1:1:3 (Fig-
ure 4a). The high-frequency *'P resonances are assigned to
the sites in the “roof” positions (P7, P10), as well as directly
bound sites, P3, P9, P6 and P5 (Figure 1b). Eckert et al. uti-
lized radio frequency driven dipolar recoupling (RFDR)
and total through-bond correlation spectroscopy (R-
TOBSY) augmented with R30(6)(14) pulse symmetry to
assign the resonances at 6 =71.1 and 49.4 ppm to P1 and P4,
respectively, and the remaining sites are assigned as listed in
Table 6. We propose a slightly alternative assignment based
on *'P fast MAS correlation spectroscopy with TPPI scheme
(tppi-COSY) NMR spectra acquired in our laboratory
(Figure 5). The resonances at 0=71.1 and 49.4 ppm are as-
signed to P2 and PS8, respectively, and the terminal P1, P4
and P11, P12 pairs are assigned to the low-frequency shifts
as noted in Table 6. Cross peaks indicating direct connectivi-
ty are observed for most directly bound phosphorus pairs;
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Table 6. Assignments of phosphorus sites for *'P MAS NMR spectra of
(Cul)sPy, and (Cul)sP;,As, 5.

(Cul)gP;, P site assignments

ref. [16] This work 0iso [PPM]
P3, P9, P7, P9 113.2
P10, P6 P7 108.7
P10 108.7
P3 107.7
P6 103.2
P5 P5 93.3
P1 P2 71.1
P4 P8 49.4
P2 P12 227
P11 P4 14.0
P8 P1 8.9
P12 P11 52
(Cul)4P;,As, ¢ P site assignments
This work 0iso [PPM] FWHH [Hz]
P7, P10 122 5000
117 5000
P3, P9, 87 5000
P53, P6, 84 5500
P2, P8 82 5000
80 5500
80 5250
76 6000
P1, P4, 10 6000
P11, P12 —4 5000
-18 5000
30 6000

www.chemeurj.org  Chem. Eur. J. 2005, 11, 37623772
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the simulations are obtained
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20 0 ported  previously.'"!  Aside
v{\ﬂwj\f:, from broa'dening' of Peak wi'dths

and chemical shift distributions,
the average *'P chemical shifts
s change due to As substitution.
In Figure 6a, the simulation
uses the same chemical shifts as
found in the P NMR spectra
of (Cul)sP,,, and the appropri-
ate site weightings, producing a
spectrum that is completely dif-
L ferent from the experimental
r spectrum. In Figure 6b, new
| 100 chemical shift assignments are
H made for all twelve sites, but
the sites are unweighted (equal
| 120 integrated intensities), amount-

>
o
Indirect Dimension/ppm

120 100 80 60 40 20
Direct Dimension/ppm

Figure 5. *'P tppi-COSY MAS NMR spectrum of (Cul)sP;, acquired with v,,, =27 kHz. The vertical spectral
scale is ca. 0.9-1.0% of the maximum height, processed with complete phasing of the direct and indirect di-

mensions.

however, cross peaks are not observed between P7 and P10,
due to overlap with diagonal peaks. In addition, intense
cross peaks do not result from couplings between P11 and
P12, or P1 and P4, possibly due to the different nature of
the spin systems at these sites (e.g., P1 is coupled to two P4
nuclei and one P3 nucleus). A simulated one-dimensional
spectrum based on these assignments is presented as the
middle trace of Figure 4e. Only chemical shifts are taken
into account, while fine structure resulting from J coupling
is neglected, though roughly accounted for by peak broad-
ening on the order of 500 to 700 Hz at full-width-at-half-
height (FWHH). Complex spin-system analysis is prohibited
by overlapping peaks and broadened resonances.

Based on our assignments for (Cul)¢P,,, the *'P fast MAS
NMR spectra of (Cul)sP;,As,s are simulated by using the
following assumptions:

1) Fine structure resulting from J coupling and residual di-
polar coupling will not be observed, due to both rapid
scalar relaxation of the second kind at the phosphorus
nucleus and spin—spin coupling from multiple sites. As a
result, individual spin—spin interactions are not consid-
ered.

2) Chemical shift dispersions result from variable substitu-
tion of P and As sites in the first and second coordina-
tion spheres, serving to further broaden the individual
resonances.

To approximate these effects, peaks with FWHH ranging
from 5000 to 6000 Hz are utilized. The relative integrated
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0 ing to three major spectral re-
gions with integrated intensities
of 2:6:4 from high to low fre-
quency. This simulated spec-
trum resembles the experimen-
tal data, but further agreement
can be obtained by using the
appropriate phosphorus-site weightings determined from
single-crystal X-ray diffraction (Figure 6¢).'") A full listing
of assignments is shown in Table 6 and detailed simulations

. -

a
BN \‘\,ﬁ,\,\_&, 9.

300 200 100 0 -100 -200  &/ppm

Figure 6. Experimental (black, solid) and simulated (gray, dashed) *'P
MAS NMR spectra of (Cul)yP;,As,g: a) simulation using the same chem-
ical shifts as (Cul)gP;,; b) simulation using modified chemical shifts and
equal peak intensities; ¢) simulation using modified chemical shifts and
weighted peak intensities. Chemical shifts are listed in Table 6, weightings
are described in ref. [10].
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showing spectral contributions from individual sites are
shown in Figure 4f.

A true solid solution® (random distribution) would result
in a linear relationship of unit cell volume with respect to
the amount of As, consistent with the three-dimensional in-
terpretation of Vegard’s Law.”?! A graph of unit cell
volume versus percentage of As is presented in Figure 7.

2880 -
2840 §/H
B
~~
E
£ 2800
=]
2
=
L
S 2760 ¥
g
5
2720
¥
T T T T T T T )
0 10 20 30 4 50 60
As/%

Figure 7. Plot of unit cell volume as a function of arsenic content for
(Cul)gPy,_As,, in which x=0, 2.4, 4.2, 4.8, 5.4, and 6.6.

Overall, the correlation is nonlinear, with a rapid increase in
cell volume from the parent to 35% As, followed by a grad-
ual increase from 35% to 55% As. The lack of linearity
(i.e., deviation from Vegard’s Law) is fully consistent with
the preferred site occupation of As in the pnicogen chains
noted in the single-crystal studies for the 20 and 40 % struc-
tures. The P NMR data are not inconsistent with this anal-
ysis. Although the resolution of the *'P NMR spectra for the
40% As mixed pnicogen compound is poor due the large
distribution of chemical shifts, relaxation, and spin—-spin cou-
pling effects, the simulation based upon the X-ray single-
crystal model does show a marginally better fit than that ob-
tained by a random distribution of As throughout the chain.

Honle and von Schnering and have likewise reported site
preferences for arsenic in some polypnicogen phases. For
Hittorf’s modification of phosphorus (Figure 1a) they found
that about 5% As can be adopted into the structure, and
the As is situated uniquely at one of the two equivalent
“roof” sites in the [P8] cage.”” The selective site occupation
was attributed to a release in strain within the polymer, pre-
dicted by modeling. Indeed, crystallization of Hittorf’s phos-
phorus was reported to be easier in the presence of As, con-
sistent with increased stability of the mixed pnicogen
phase.”™ As indicated here, we also see strong site prefer-
ence for the “roof” positions within the analogous [PnS]
cages of (Cul)gP;, ,As,, although we are able to substitute
far more As into this structure than is reported for Hittorf’s
phosphorus. Likewise, we find that crystal growth is more
facile (as evidenced by the number and size of crystals ach-
ieved in the transport reactions) when As is included in the
reaction. Thus, our results are consistent with the strain ar-
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guments postulated by von Schnering. However, a more
recent and detailed theoretical analysis by Bocker and
Haser indicates that the structure of Hittorf’s phosphorus is
essentially strain free.'"'! Among the small clusters calculated
for the formula Py, the highly symmetric fused 5-ring struc-
ture P8(0) is the lowest in energy.'!! Additionally, Baudler,
has reported a number of molecular analogues that feature
the P8(0) unit in question, arguing against significant
strain.”® The origin of the preferred site occupation remains
unclear, but may be due to subtle bonding preferences. We
speculate that the extent of transport growth may be a func-
tion of differences in the volatilization/condensation of the
precursors and products upon As incorporation, as de-
scribed below.

Influence of As on thermal stability: To gain some insight
into the decomposition mechanism, stability, and volatility
of the products, thermal gravimetric analyses (TGA) were
conducted under a dynamic atmosphere of N, from ambient
temperature to 800°C. For the 40 % As compound, an initial
weight loss was observed at 439°C (Table 7), which levels

Table 7. The temperatures of initial weight loss (onset) for parent and
mixed pnicogen compounds.

Compound T (decomp) [°C]
(Cul)gP, 342
(Cul)gPy(As, 4 (20% As) 405
(Cul)gP;5As4, (35% As) 406
(Cul)gP;,As,5 (40% As) 439
(Cul)gPgcAssy (45% As) 402
(Cul)gPs4As66 (55% As) 417

off significantly around 475°C, corresponding to a loss of
about 30%. PXRD patterns of (Cul)gP;,As,¢ heated in a
flow furnace at 450°C under an inert atmosphere revealed
the presence of a combination of Cul and unreacted mixed
pnicogen phase. This suggests that this first weight loss is
likely due to decomposition of (Cul)gP;,Assg to Cul and
volatile P/As; that is, under flow conditions in an open
system decomposition begins at approximately 440°C. The
predicted weight loss for the 40% As phase losing volatile
pnicogen is 27.7 %, very close to what we see (~30%). Sub-
sequent weight losses are observed up to about 750°C, at
which point ~90% of the initial weight has been lost. The
PXRD pattern taken on a sample heated up to 800°C shows
Cul as the only product. Since Cul melts near 600°C, the
latter weight loss is attributed to volatilization of Cul (which
may be incomplete, due to the timescale of the study).
Therefore, we presume that the pnicogens are lost first, fol-
lowed by the volatilization of Cul, although these processes
may be competitive with volatilization of the quaternary
phase. There is no systematic relationship between the de-
composition temperature (first weight loss onset) and the
composition (Table 7); however, all of the mixed pnicogen
phases demonstrate higher decomposition temperatures
than the pure phosphorus parent compound.
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From these analyses, it is not clear if the “roof” position
preference of As has any contribution to the thermal stabili-
ty of these materials relative to the parent compound. Since
the decomposition products are necessarily different in each
case, and have unknown enthalpies, the relative energies of
the various phases cannot be quantitatively assessed. How-
ever, we note that an apparent lower volatility of the prod-
ucts that incorporate As (which could be predicted based on
formula weight alone) is consistent with the growth of more/
larger crystals for these phases relative to the all-phosphorus
phase.

Copper disorder and ionic conductivity: The trend in copper
disorder in these phases can be ascertained by evaluation of
the number of copper positions in the single-crystal struc-
tures (Table 4). Among the 18 Cu positions in the asymmet-
ric unit of the 20% As compound, 15 positions can be exact-
ly matched with the parent compound. On the other hand,
all the 18 positions in the 20 % As structure can be found in
the 40% As compound, although there are an additional
five copper positions. These five copper positions have con-
siderably longer bond lengths to the pnicogen chains
(2.83(7) to 2.99(8) A, relative to 2.03-2.34 A for the other
Cu—Pn distances in the structure) and represent ~7 % of the
copper in the structure.'” The increased number of copper
positions suggests a decreased thermodynamic site prefer-
ence, whereas the presence of copper sites outside a normal
bond length to the pnicogen chain suggests weaker Cu—Pn
interactions. Hence, increasing Cu' ion conductivity may be
anticipated with increasing As incorporation.

The %Cu MAS NMR spectrum of (Cul)gP;,As, consists
of a large isotropic peak centered at 6 =—3 ppm flanked by
spinning sidebands, and a low intensity side peak at 6=
—21 ppm (Figure 8). Fixed Cu positions result in “Cu NMR
spectra with distinct second-order line shapes, and have fur-
ther effects on the P MAS NMR spectra;?” however the
peak at 0=—3 ppm has a FWHH of about 1300 Hz and ex-
hibits no second-order quadrupolar line shape, which is con-

100 50 0 -50 -100

S/ ppm b)
—__A_A_J\_JLJM

1500 1000 500 0 =500 -1000

5/ ppm

Figure 8. ®Cu MAS NMR spectra collected at 9.4 T at spinning speeds of
a) 23 kHz and b) 20 kHz. The inset shows an expansion of the isotropic
central transition.
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sistent with the fast ionic motion of the Cu' ions in this com-
pound. Similar ®Cu NMR spectra have been measured for
(Cul)sPy,, in which the Cu' ions are also mobile.'¥ It is not
possible to evaluate the relative conductivities by this tech-
nique without performing temperature-dependent studies.
Therefore, impedance spectroscopy was utilized to quantify
the effect of As incorporation on the ionic conductivity in
these compounds.

The complex plane plots (Nyquist plots) of 35% As, 45%
As, and (Cul)4P;, polycrystalline pellet samples (30°C) are
presented in Figure 9. The inclined spike (Warburg element)
arising at low frequency is attributed to charge build up at
the blocking electrode, and is characteristic of an ionic con-
ducting material (ions cannot pass through the sample—clec-
trode interface). The high-frequency arcs consist of two
overlapping arcs of similar capacitance attributed to bulk
(or intragranular), and grain-boundary (or intergranular) re-
gions of the sample. These regions are responsible for the
intrinsic (o0,,) and grain-boundary (o,,) conductivity, respec-
tively; the total conductivity (o) is calculated from the inter-
section of the Warburg element with the low-frequency arc
at the real axis. In contrast, the bulk and grain-boundary
contributions in (Cul)¢P,, are resolved as two discernable
arcs with capacitances that differ by five orders of magni-
tude (Figure 9). The disparity in capacitance values for the
grain-boundary contributions can be attributed to the rela-
tive polarizabilities of P and As. The lower polarizability of
P in the parent compound results in a greater degree of
charge accumulation at the grain boundaries upon applica-
tion of a potential field, and thus (Cul)¢P,, has a higher
grain-boundary capacitance. In contrast, the more polariz-
able As results in electronically leaky grain boundaries with
decreased capacitive behavior.*>"

According to the impedance data at 30°C, the bulk and
the total conductivities of all the samples are of the same
order of magnitude, regardless of As content (Figure 9). The
total conductivity at 30°C for the parent material, extracted
from the literature,® is estimated to be 1.5x10°Scm™,
which is smaller than the value of 5.1x107° Scm™ obtained
in this work. This difference is likely an effect of disparities
in the grain-boundary structure from sample to sample. Ad-
ditionally, variable-temperature measurements on a 40 % As
sample (Supporting Information) revealed Arrhenius-type
behavior and calculated activation energies of 0.44 eV and
0.40 eV for bulk and grain-boundary conductivities, respec-
tively, similar to the corresponding activation energy report-
ed for (Cul)sP;, (0.45 eV).

Although the bulk values (0,) obtained here might be
considered to be an intrinsic measure of the material con-
ductivity, preferred orientation effects are likely to have a
profound influence on the copper ion conductive pathways.
It has been established from single-crystal studies on
(Cul)¢P;, that the ionic conducting pathway is along the axis
of the pnicogen chains, which coincides with the long axis of
the needle crystals.®! In pressed pellets, these needles are
likely to be oriented perpendicular to the electrodes, due to
gravitational settling and applied pressure, resulting in
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Figure 9. The complex plane impedance plots of a) 35% As, b) 45% As,
and c) (Cul)gP;, polycrystalline pellet samples at 30°C.

values that are not representative of the optimal conductivi-
ties. Indeed, a decrease in conductivity of about 30% is ob-
served in polycrystalline samples of (Cul)sP;, relative to
single crystals measured along the needle axis.®l Hence, no
definitive conclusions about the relative differences in con-
ductivity as a function of As incorporation can be made
based on polycrystalline samples. Accordingly, a single-crys-
tal impedance spectroscopy study on the 40 % mixed pnico-
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gen phase has been performed to assess the conductivity
along the needle axis and provide a meaningful comparison
to (Cul)sPy,.

An impedance plane plot for a single crystal of
(Cul)gP;,As,5 (40% As) at 128°C with the electrodes ap-
plied perpendicular to the needle axis is shown in Figure 10.
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Figure 10. The complex plane plot of a single crystal of (Cul)sP;,As,g
(40% As) at 128°C.

An almost semicircular response, corresponding to bulk
sample, is prominent. A remarkably high conductivity of
1.7x107* Scm™' is obtained along the needle axis, compara-
ble to values obtained for single crystals of (Cul)sP;, at
much higher temperatures (1.9x107> Secm™" at 186°C),® and
roughly an order of magnitude greater than the single-crys-
tal conductivity for (Cul)sP,, at similar temperatures (ca. 3 x
10~*Scm™! at 130°C, estimated from an Arrhenius plot, ref-
erence *). This suggests a significant improvement in con-
ductivity, at least along the needle axis, upon As incorpora-
tion. The influence of preferred orientation effects in poly-
crystalline pellets is evident in the corresponding bulk con-
ductivity value obtained for a polycrystalline 40% As
sample at 124°C, 8.4x10™* Scm™.

Conclusion

In an exploration of heavier pnicogen analogues of
(Cul)gP,,, we were successful in synthesizing a series of neu-
tral P/As mixed pnicogen analogues with As incorporation
of up to 55%. These phases are isostructural to (Cul)sP,,, as
evidenced by X-ray crystallography and *'P solid-state NMR
spectroscopy, and X-ray diffraction studies further indicate
that the arsenic has a strong site preference for the “roof”
positions in the pnicogen polymer. The As substitution in
(Cul)¢Py, results in an increase in the thermal degradation
temperature for the material, and an increase in copper-ion
disorder. The latter is manifested as an increased conductivi-
ty in (Cul)sP,,As,s (40% As) relative to (Cul)gP;,, when
measured along the needle axis of single crystals. However,
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in polycrystalline samples, very little conductivity difference
is observed as a function of As content, ascribed to a more
convoluted pathway for conduction that arises from crystal-
lite orientation effects within the pressed pellets.

Experimental Section

Solid-state synthesis: The mixed pnicogen compounds (Cul)sP,,_,As,, in
which x=2.4, 4.2, 4.8, 5.4, and 6.6, were synthesized from stoichiometric
combinations of Cul (Aldrich 99.999 %), red P (Strem 99 %), and pow-
dered As (Alfa Aesar 99.999%). The reagents were ground together,
pressed into a pellet, and heated at 550°C for two weeks in evacuated
fused-silica tubes of 13 mm inner diameter and about 80 mm length. The
sample pellets were kept at the hot end of the ampoule, nearest to the
thermocouple, to facilitate transport of crystals to the cool end. For reac-
tions that produced only small amounts of transported crystals, the prod-
ucts (pellet and crystals) were reground and reheated for an additional
two weeks in order to produce a second batch of crystals (recrystalliza-
tion). All analyses on powders were performed on ground single crystals.
In cases in which Cul was observed (as a white deposit) on the crystals
under the light microscope, the crystals were sonicated in CH;CN first to
wash away impurities. Likewise, if the presence of Cul was detected by
PXRD in ground samples, the powdered sample was stirred in CH;CN
overnight to dissolve Cul. Overall yields (based on powder X-ray diffrac-
tion) ranged from 80-100 %. Yields of crystals were high when large As
concentrations were employed (up to 75% of the sample as crystals for
40% As inclusion) and lower for small concentrations (less than 25% of
the sample as crystals for 20 % As inclusion).

X-ray single-crystal structure analysis: A single-crystal structure analysis
was performed on a sample prepared from a 20% As, 80% P reaction
(Table 2). A single crystal of dimensions 0.14x0.06x0.04 mm’® was
mounted on a piece of glass fiber with epoxy resin, and data were collect-
ed from a Bruker P4/CCD single-crystal diffractometer with Moy, radia-
tion (1=0.71073 A). The structure solution and refinement were per-
formed using the SHELXTL package of crystallographic programs
(Bruker Analytical, Inc.).

The structure solution software recommended a tetragonal or orthorhom-
bic unit cell; however, since twinning similar to that observed in
(Cul)sP,, was suspected? the lower symmetry monoclinic option (P2,/c)
was chosen. The function TWIN was used in the structure refinement to
account for a/c exchange due to twinning. The structure modeling for the
20% As compound was performed as follows: from the difference map
eight I atoms were found in similar positions to those reported for the
parent compound (most intense set of peaks). Since a careful analysis of
the frames data (30s per frame) revealed no suggestion of superstruc-
ture, P and As were presumed to be occupying the same sites. The next
set of peaks with appreciable electron density were assigned to P and As
as shared occupancies summing to 1.0. The percent occupancies of As re-
fined to 27.5 % instead of the expected 20 %, but fixing of the sum of oc-
cupancies to equal 20% did not result in a substantial change in the R
value; however, some of the displacement parameters were poorly be-
haved. The As occupancy was left unconstrained in the final solution.

The remaining peaks found to be within reasonable bond lengths to P/As
and/or I were assigned to Cu sites ranging from a 4 (minimum) to 85%
occupation. After assignment of 18 independent Cu positions, attempts
to satisfy remaining peaks in the difference map with partially occupied
copper sites resulted in sites that were too close to P/As positions to be
real and were thus discarded. Without restraint, the Cu occupancies sum
to 7.41 (i.e., 1.85 Cu atoms out of 2.0 expected). These occupancies were
constrained to sum to 8.0 (consistent with the concentration of copper
obtained by elemental analysis, Table 1) without any significant change in
R value. When all the atoms (Cu, P, As, I) were allowed to refine aniso-
tropically, reasonable values were obtained for all positions except Cu7,
Cu8, Cul0, Cul6, Cul7, and Cul8. Hence, these were left isotropic. The
occupancy of the Cul7 position was difficult to refine freely and there-
fore was fixed to a reasonable occupancy value. The structure refined
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with 37.7 % twinning to an R value of 6.59 %. Further details of the crys-
tal structure investigation can be obtained from the Fachinformationszen-
trum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany, (fax:
(4+49)7247-808-666; e-mail: crysdata@fiz.karlsruhe.de) on quoting the
depository number CSD-414237.

Powder X-ray diffraction (PXRD): Products consisting of transported
material and the remaining residue of the pellets from each reaction
were separated and ground to carry out PXRD studies. A Rigaku D Max
RU 200B instrument with voltage and current of 40 kV and 100 mA, re-
spectively, was used to collect PXRD patterns. The powdered samples
were dusted onto double-sided sticky tape attached to an aluminum
holder, or a thin layer of petroleum wax coated on a quartz (0001) low
background holder. Unit cell refinement was performed on data collected
from long scans (ca. 1.5 h) referenced to an internal silicon standard. The
peaks were refined with the program CELREF V3 using least-squares
methods and discarding only peaks of <3 % relative intensity.

Inductively coupled plasma-mass spectrometry analysis (ICP-MS): Sam-
ples for chemical analyses were prepared by dissolving about 20 mg of
the powdered crystals in 10-15mL of conc. HNO; and diluting to
100.0 mL with distilled water in a volumetric flask. P and As ratios were
determined for all the samples, and Cu amounts were determined for the
20% and 40% As samples (Table 1) on which single-crystal studies were
performed.

Solid-state NMR spectroscopy: Solid-state *'P and “®Cu MAS NMR ex-
periments were conducted on (Cul)sP,, and (Cul)sP;,As,; using a Varian
Infinity Plus 9.4 T NMR spectrometer operating at v,(*'P)=161.8 MHz
and v,(**Cu)=113.5 MHz. Varian/Chemagnetics 2.5 mm HX MAS and
4 mm HXY triple-resonance probes were used. All samples were ground
into fine powders and tightly packed into 2.5 mm and 4 mm o.d. zirconi-
um oxide rotors. Spectra were acquired using both a conventional Bloch
decay pulse sequence and a rotor-synchronized Hahn-echo pulse se-
quence of the form [(m/2),-7,-(7),-7,-acquire]. Phosphorus chemical shifts
were referenced to 85% H;PO, with 8;,(*'P)=0 ppm. Relevant acquisi-
tion parameters include a 90° pulse width of 1.6 us (v;=160 kHz) and
calibrated recycle times of 15s. Samples were spun between 17 kHz and
26 kHz and from 768 to 1600 transients were collected per experiment.
3P As transfer of populations in double resonance (TRAPDOR) NMR
experiments®!! utilized an rf field of about 72 kHz on the As channel,
but were unsuccessful in indirectly resolving the As quadrupolar cou-
pling constants (likely due to very large As quadrupolar coupling con-
stants and inconvenient relaxation characteristics). Copper chemical
shifts were referenced to solid CuCl (8;,(**Cu)=0ppm). For rotor-
synchronized “*Cu MAS NMR experiments, the central-transition selec-
tive 90° pulse width was 2.0 ps (with v,(*Cu) =125 kHz) and the calibrat-
ed recycle time was 0.2 s. Samples were spun at 20.0 kHz and 23.7 kHz
and the number of transients collected ranged from 32000 to 220 000.

Two-dimensional P NMR experiments were conducted upon (Cul)sP,,
employing the conventional COSY pulse sequence, as well as the tppi-
COSY sequence.’” The 2.5 HX fast MAS probe was used for these ex-
periments, with the sample spun at 27 kHz. The 90° pulse width was set
to 1.40 and 1.95 ps for COSY and tppi-COSY NMR experiments, respec-
tively. Spectral widths in the COSY and tppi-COSY were 100 kHz and
200 kHz, respectively. 32 (COSY) and 16 (tppi-COSY) transients were
collected for the direct dimension, and 256 and 512 increments were col-
lected for the indirect dimension.

Spectra were simulated by using the line-fitting routine in the NUTS soft-
ware package (Acorn NMR). A simplex routine was used to accurately
fit the spectra, allowing flexibility in the frequency, line width, and Lor-
entzian/Gaussian character, while keeping the, a priori, integrated inten-
sity of the peaks constant.

Thermogravimetric analysis: Thermogravimetric analyses were per-
formed on a Pyris 1 TGA instrument. Samples were analyzed in ceramic
pans at a heating rate of 2°Cmin~' to 500°C and 10°Cmin~" from 500
800°C in a dynamic N, atmosphere. The open-system ensures that volati-
lization of products will drive equilibria forward, and is therefore not rep-
resentative of thermal treatments conducted in sealed ampoules. The
slow initial rate was employed to quantify the onset for the first weight
loss and this was used to assign the relative stability of the compounds to
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thermal decomposition. The small quantity of residue that was obtained
from the 40% As sample after being heated to 800°C, was analyzed by
powder X-ray diffraction. To determine the products after the first
weight loss, X-ray diffraction data were acquired on a 40% As sample
previously heated to 450°C under a flow of argon.

Conductivity measurements: The ionic conductivity properties for poly-
crystalline samples of the parent, and the 35% As, 40% As, and 45% As
phases were studied using impedance spectroscopy (IS). Polycrystalline
samples of 35% As, 45% As, and (Cul)gP;, were sieved in order to pro-
duce uniform grain sizes, thereby permitting reasonable comparison of
data from different preparations. The samples were made by cold press-
ing the powdered material in a 0.625 cm die with an applied pressure of
about 4.5 metric tons. The exact thickness of the pellets was measured
with a Vernier micrometer (all were =1 mm). Opposite sides of the pel-
lets were sputter coated with gold electrodes and each pellet was then
loaded into a pressure cell with flat Ni electrodes on both sides. The
sample was placed in an oven and was continuously flushed with argon
gas during the measurements in order to avoid oxidation of the samples.

The sample for single-crystal impedance measurements was prepared by
embedding a long (ca. 4 mm) needle crystal in an epoxy matrix, allowing
the epoxy resin to harden, and cutting it into a pellet of about 1.5 mm
thickness with exposed crystal faces. The cross-sectional area of the crys-
tal faces was measured and then sputter coated with gold electrodes. The
impedance measurements were conducted as described for the polycrys-
talline sample.

A Solartron 1260 Impedance/Gain-Phase Analyzer was used to take the
IS measurements at an applied voltage of 100 mV and a frequency range
of 30 mHz to 1 MHz. For the sieved polycrystalline samples of 35% As,
45% As, and (Cul)4P;, the impedance data were acquired at 30°C. Varia-
ble-temperature IS measurements were taken for a nonsieved polycrys-
talline sample of 40 % As in the temperature range 30 to 124°C. Single-
crystal studies of the 40 % As sample were conducted only above 120°C,
as the small cross-sectional area of the needles resulted in resistance
values outside the range of the instrument at lower temperatures. The
complex impedance curves were analyzed using the ZView program to
determine the corresponding equivalent circuits and compute the bulk
and grain-boundary conductivities.
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