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The new solid electrolyte N,N-dimethylmorpholinium pentaiodotetraargentate, [(CH?)N(CH?),- 
(CH2)20]Ag,IS (DMMAg&), has a crystal structure which allows the Ag+ ions to move effectively in 
only one dimension. The channels for this motion result from the sharing of opposite faces of icosahe- 
dra, having iodides at their centers, forming infinite chains of icosahedra along the a axis. The joining 
of the icosahedra forms three more face-sharing tetrahedra at each junction, or a total of 23 tetrahedra 
per eight Ag+ ions, which are distributed non-uniformly over the tetrahedral sites. The limited number 
of pathways for the Ag+ ion diffusion leads to a low average conductivity, 1 x 10v4 0-l cm-’ and a high 
activation enthalpy, 0.35 eV. Crystals of DMMAg41S belong to space group P2,2,2, (D:) with a = 
13.167(4), b = 23.437(3), c = 12.758(3) A; the unit cell contains eight formula units. The structure of di- 
methylmorpholinium iodide (DMMI) confirms the chair model for the DMM+ ion. Crystals of DMMI 
belong to space group P2,im (C$,), with a = 8.861(4), b = 8.020(2), c = 6.685(2) A, p = 101.07(3)“; each 
unit cell contains two formula units. 0 1987 Academic Press, Inc. 

1. Introduction stantial ratio of available sites for the Ag+ 
ions to these charge carriers, and a non- 

This paper will be indicative of a return, uniform distribution of charge carriers over 
in this laboratory, to studies of AgI-based crystallographically nonequivalent sets of 
solid electrolytes, after several years de- sites. These features are common to every 
voted to Cu+ ion conductors. Our studies Cu+- and Ag+-halogenide solid-electrolyte 
involve, always, the relation of the conduc- structure determined earlier than and sub- 
tivity to the structure of the solid electro- sequent to that of RbAg415 (2-17). 
lyte. This has been the case since the study Some time ago, it was inferred directly 
of RbAg415 (1) in which it was first shown from the crystal structure of (C5H5NH)5- 
that the origin of the electrolytic conductiv- Ag& that it was a “two-dimensional” 
ity was directly related to the structure. solid electrolyte (5). Subsequently, Hibma 
The main features are the face sharing of confirmed this inference by conductivity 
the iodide polyhedra to form passageways measurements on single crystals at room 
through which the Ag+ ions move, a sub- temperature (18). This is still the only two- 

dimensional solid electrolyte among those 
* On leave from Institute of Physics, Chinese Acad- that are double salts of silver iodide or cu- 

emy of Sciences, Beijing, China. prous halogenides. 
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Recently we have found a new solid elec- 
trolyte in which the Ag+ ions are con- 
strained to move effectively in a single di- 
rection. At present, this is inferred entirely 
from the crystal structure which we report 
here together with the results of conductiv- 
ity measurements on polycrystalline mate- 
rial. We hope eventually to obtain single 
crystals large enough for directional con- 
ductivity measurements. 

2. Experimental 

The crystal on which the data were col- 
lected had an orthorhombic morphology in 
the crystal class 222. The largest dimen- 
sions were 0.38,0.34, and 0.26 mm along a, 
b, and c, respectively. Several secondary 
faces were not included in the approxima- 
tion of the crystal shape by a 12-face poly- 
hedron for the absorption corrections, 
which were calculated on an 8 x 8 x 8 grid 
basis. 

Initial diffraction data were obtained with 
a Buerger precession camera (MO& radia- 
tion). Reflections hO0, OkO, 001 were absent 
for h, k, 1 odd, implying P212i2i as the most 
probable space group. 

The X-ray data used for the structure de- 
termination were collected with a Nicolet 
P3/F autodiffractometer in the range 3 I 28 
5 55” with MOKCY radiation and bent graph- 
ite monochromator. Scan rates were in the 
range 2 to 30” per minute. The intensities of 
four particular reflections were checked af- 
ter each 100 reflections measured. Of a pos- 
sible 5012 independent reflections observ- 
able in the 28 range, 2555 were observed 
(F2 > 3a(F2)) and used in the structure de- 
termination and refinement. The measured 
spacings of 25 reflections were used for the 
determination of the lattice constants by 
least-squares calculations. The results were 
a = 13.167(4), b = 23.437(3), c = 12.758(3) 
A. 

The crystal used for the structure deter- 
mination was grown by G. P. Espinosa by 

the gel technique about 16 years ago. The 
gel was made by first dissolving 23.3 g Naz- 
Si0s.9Hz0 in 100 ml of water and then acid- 
ifying to pH 4 with 50% aq. nitric acid. 
Very small amounts of NaI were added to a 
mixture of 0.486 g of N,N-dimethylmor- 
pholinium iodide and 4.290 g AgI in 30 ml of 
water until all were completely dissolved. 
The mixture was then poured slowly into a 
test tube two-thirds full of gel. Small crys- 
tals of the compound grew slowly as the 
solution diffused into the gel. (The above is 
all the recorded information available.) The 
process is a slow exsolution of the com- 
pound as dilution proceeds. 

We have also found that small crystals 
can be obtained if the polycrystalline mate- 
rial (see below) is melted at just above its 
melting point (-220” C) for about 5 min and 
then slowly cooled. 

To make the polycrystalline specimens, 
stoichiometric amounts of N,N-dimethyl- 
morpholinium iodide and silver iodide were 
ground together in an agate mortar. The 
mixture was then compressed into a pill, 
which was put into a Pyrex tube. The tube 
was flushed with dry N2; the N2 pressure 
was reduced to 0.5 atm, after which the 
tube was sealed off and placed in an oven at 
140” C for 24 hr. The specimen was then 
removed from the tube, reground, repel- 
letized, enclosed in a Pyrex tube with 0.5 
atm N2 as before, and heated again at 140°C 
for 24 hr. This was repeated once, after 
which an X-ray powder diffraction photo- 
graph was taken of the material, showing, 
in two cases, that the procedure was satis- 
factory; i.e., phase-pure material was pro- 
duced. 

The N, N-dimethylmorpholinium iodide 
used to prepare the specimens was synthe- 
sized and purified (mp = 253-255.5”C) in 
the laboratory of B. B. Owens, who kindly 
sent us some several years ago, and the AgI 
was supplied by PCR Research Chemicals, 
Inc. 

The formula weight of the compound is 
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1182.18; the volume of the unit cell is 
3937(3) A3; with eight [(CH&N(CHh 
(CH2)zO]AgJ15 per unit cell, and the calcu- 
lated density is 3.99 g cme3. The density 
was measured roughly by compressing 2.63 
g of polycrystalline material into a cylindri- 
cal pill of diameter 0.958 cm and length 
0.941 cm, giving 3.89 g cmw3. The linear 
absorption coefficient for MO& radiation 
is 116.4 cm-‘. Lorentz-polarization correc- 
tions were also made. 

The method of preparation of the cell for 
conductivity measurement was similar to 
that described in Ref. (19). The device used 
for the conductivity measurements is 
shown in Fig. 1 of Ref. (20). Impedance 
measurements were made with a Hewlett- 
Packard 4274A multifrequency LCR meter. 
Those reported here were taken at 200 Hz, 
at which the imaginary contribution to the 
impedance was negligible. 

For simplicity in later discussion, we 
shall use “DMM” to mean N,N-dimethyl- 
morpholinium . 

3. Electrical Conductivity 

The results of the conductivity-vs-tem- 
perature measurements are plotted (Fig. 1) 
as logi, vs lo3 T-l, with 240 5 T i 340 

103/T (K-l) 

FIG. 1. log,, (conductivity x temperature) vs recip- 
rocal temperature of polycrystalline DMMAg& 

K. The data lie on a straight line, which 
gives for the enthalpy of activation of mo- 
tion, h,, of the Ag+ ions, 0.35 eV. At 298 
K, the conductivity is 1.0 x 10v4 n-l cm-i 
and at 340 K, it is 4.7 x low4 R-l cm-‘. 

At temperatures of 340 K or higher, the 
resistivity of the cell increases with time. 
This has occurred for four different speci- 
mens. When cells heated above 340 K are 
cooled to room temperature, the measured 
resistivity is usually at least five times 
higher than original. A cell heated to only 
320 K had the same resistivity at room tem- 
perature that it had before heating. 

A powder photograph of the solid elec- 
trolyte in the cell after heating above 340 K, 
shows no change. Similarly, a powder pho- 
tograph of the electrode material does not 
indicate the presence of phases other than 
silver and the solid electrolyte. 

Single-crystal photographs taken at 363 
and 408 K with a Buerger precession cam- 
era do not indicate a phase change, nor 
were there any qualitatively observable 
changes in intensities. 

We can only speculate that a reaction 
takes place at the solid electrolyte-elec- 
trode interface, causing the formation of a 
very thin layer of insulating material. Even- 
tually, it may be possible to resolve this 
problem when single crystals of a size suit- 
able for conductivity measurements are ob- 
tained. 

4. Determination and Refinement of the 
Structure 

The general and only positions in space 
group P212121 are x, y, 2; t - x, y, t + 2; X, 
i + y, t - z; ii + x, + - y, Z. Thus the 
asymmetric unit contains two formula 
units, or two DMM, 8Ag+, and 10 I- ions. 
All ten I- ion positions were given directly 
by MULTAN. Then it was a reasonably 
simple matter to calculate approximately all 
the possible positions that the Ag+ ions 
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could occupy. The structure of a dimethyl- 
morpholinium compound had not been de- 
termined. However, a “chair” structure for 
morpholine had been deduced (21) from 
NMR spectra. This was sufficient to con- 
sider such a model for the DMM ion. (Sub- 
sequently, this was confirmed by a struc- 
ture analysis of DMMI which is described 
in the Appendix.) 

Difference synthesis was used to locate 
the DMM ions and restrained least-squares 
calculations and subsequently, trial-and-er- 
ror and least-squares calculations were 
used to improve atom positions. Similarly 
least-squares and trial-and-error calcula- 
tions were used to obtain the Ag+ ion distri- 
bution. There was some difficulty because 
of high correlations among thermal parame- 
ters and multipliers of the Ag+ ions. 

In the final least-squares cycle, all param- 
eters of the light atoms, the (isotropic) ther- 
mal parameters of Ag8, 9, and 19, and posi- 
tional parameters and multipliers of Ag5, 9, 
and 22 were held constant. A total of 228 
parameters, including scale factor and ex- 
tinction coefficient, were varied. The ex- 
tinction coefficient, g, which the program 
applies to the Fcalc as (FC) (1 + gZJ1, where 
Z, is the calculated intensity, converged to 
5.779 x lo-*. For the iodides, four of the 
values of (shift/error/ were 0.01; the rest 
were 0.00. For the Ag+ ions, the values 
ranged from 0.00 to 0.07. For the 2555 ob- 
served reflections, R = ): j[Fot,sj - ~F,,~,~~/ 
zpo’J = 0.050. i Calculations were also 

I See NAPS document No. 04442 for 28 pages of 
supplementary material. Order from ASISNAPS. Mi- 
crofiche Publications, P.O. Box 3513, Grand Central 
Station, New York, NY 10163. Remit in advance 
$4.00 for microfiche copy or for photocopy, $7.75 up 
to 20 pages plus $.30 for each additional page. All 
orders must be prepaid. Institutions and Organizations 
may order by purchase order. However, there is a 
billing and handling charge for this service of $1.5. Por- 
eign orders add $4.50 for postage and handling, for the 
first 20 pages, and $1.00 for each additional 10 pages of 
material, $1.50 for postage of any microfiche orders. 

done on the enantiomorph; the two are in- 
distinguishable. 

There were 198 correlation coefficients 
with absolute values greater than 0.5; 23 
were greater than 0.90 and three were equal 
to 0.99. Our programs (probably like most 
or all others) calculate only covariances, 
and therefore only pair correlations, but the 
behavior of the results of the least-squares 
calculations indicated that there must also 
be multiple correlations (22), as commonly 
occurs in the related solid electrolyte struc- 
tures. The parameters that were held con- 
stant in the final least-squares cycle were 
not always held constant, just as in calcula- 
tions for other solid electrolytes and other 
structures in which strong parameter corre- 
lations (23, 24) occur. For true conver- 
gence, all possible variable parameters 
must be allowed to vary in the final cycle 
(23). However, long experience with such 
structures has borne out an earlier sugges- 
tion (25,26) that even with the highest qual- 
ity data, high correlations might prevent it. 
Nevertheless, the impossibility of true con- 
vergence does not preclude the essential 
correctness of the structure that has such 
troubles. 

There is a good reason for assigning an 
isotropic thermal parameter to the Ag+ ions 
in the Ag8, 9, and 19 sites; their occupan- 
cies are very low, equivalent to 5.5 elec- 
trons for Ag19, for example (Table I). 

To conserve space, the parameter table 
for the light atoms is deposited with the F, 
vs F0 tables.’ This table includes the param- 
eters for the H atoms, which did contribute 
significantly to several structure ampli- 
tudes. The total number of light atoms in 
the asymmetric unit is 44 with a total of 176 
parameters including 44 isotropic thermal 
parameters, set to 7.00 A2. 

The final results of the refinement are 
given in Table I (multipliers, positional pa- 
rameters and the equivalent isotropic ther- 
mal parameters, Beqv) and Table II (thermal 
parameters Uij = pij/2r2aT aj”). A table with 
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TABLE I 

POSITIONALANDTHERMALPARAMETERS OFHEAVY ATOMS 

Atom Multiplier x Y I B,&~) 

II 1 0:1617(2) 0.41249(9) 0.3143(2) 3.87(4) 

I2 1 0.1515(2) 0.09426(9) 0.2994(2) 4.26(4) 

13 I 0.3117(2) 0.2486(l) 0.1344(2) 4.36(4) 
14 1 0.2258(2) 0.24436(9) 0.4934(2) 3.92(4) 
15 1 0.4394(2) 0.14902(9) 0.3850(2) 3.82(4) 
16 1 0.2950(2) 0.40876(9) 0.6914(2) 4.22(4) 
17 1 0.3025(2) 0.06932(9) 0.6421(2) 4.19(4) 
18 1 0.4663(2) 0.35714(9) 0.4104(2) 3.92(4) 
19 1 0.4776(2) 0.24119(9) 0.7410(2) 4.17(4) 

I10 1 0.1577(2) 0.2238(l) 0.8409(2) 4.25(4) 
AGl 0.285(8) 0.2579(9) 0.3704(5) 0.4873(9) 6.1(3) 

AG2 0.627(7) 0.1921(5) 0.3682(2) 0.5152(4) 6.3(l) 
AG3 0.0 0.0743 0.3195 0.4212 
AG4 0.0 0.0053 0.2506 0.4845 
AG5 0.288 0.037(l) 0.1671(7) 0.386(l) 9.2(4) 
A66 0.0 0.1655 0.1277 0.5065 
AG7 0.621(7) 0.2835(4) 0.1277(2) 0.4457(4) 5.7(l) 
AG3 0.154(7) 0.406(2) 0.167(l) 0.590(2) 7.00 
AG9 0.100 0.491 0.251 0.516 7.00 
AGlO 
AGll 
AG12 
AG13 
AG14 
AG15 
AG16 
AG17 
AGl3 
AG19 
AG20 
AG21 
AG22 
AG23 

0.0 
0.271(7) 
0.299(7) 
0.0 
0.278(6) 
0.552(8) 
0.945(7) 
0.0 
0.846(7) 
0.132(8) 
0.0 
0.796(7) 
0.693 
0.937(8) 

0.377 
0.174(l) 
0.2350(9) 
0.3945 
0.2794(9) 
0.1947(6) 
0.1681(3) 
0.2910 
0.2804(3) 
0.699(2) 
0.0702 
0.4742(4) 
0.4855(4) 
0.4726(3) 

0.311 
0.2073(5) 
0.1731(5) 
0.2513 
0.3162(4) 
0.2952(3) 
0.1583(2) 
0.1889 
0.2903(2) 
0.195(l) 
0.2427 
0.1444(2) 
0.3492(2) 
0.2553(2) 

0.593 
0.276(i) 
0.319(l) 
0.3436 
0.3167(g) 
0.2375(6) 
0.6622(4) 
0.6806 
0.7016(4) 
0.310(2) 
0.6423 
0.6086(4) 
0.6303(4) 
0.2839(3) 

5.9(3) 
6.4(3) 

5.3(2) 
9.4(2) 
7.26(9) 

6.6(l) 
7.00 

6.6(l) 
5.9(l) 
6.69(9) 

NOtei For this case, B eq" =(4/3)*[*2*Eet~(l,l)+ 

b2*Beta(2,2)+ c2'Bets(3.3)+2ga*c*Beta(l,3)*cosBeta) 

TABLE II 

THERMAL PARAMETERS, U, 

N%3le U(1.1) U(2.2) U(3.3) U(1.2) U(1.3) U(2,3) 

I1 
12 
13 
I4 
15 
16 
17 
I8 
19 
I10 
AGl 
AG2 
A65 
AG7 
AGll 
AG12 
AG14 
AGl5 
AG16 
AG18 
AG21 
AG22 
AG23 

0.050(l) 
0.050(l) 
0.056(l) 
0.066(l) 
0.049(l) 
0.054(l) 
0.055(l) 
0.054(l) 
0.057(l) 
0.058(l) 
0.030(7) 
0.116(4) 
0.13(l) 
0.073(3) 
0.096(8) 
0.078(6) 
0.082(6) 
0.146(6) 
0.034(2) 
0.093(3) 
0.103(3) 
0.079(2) 
0.114(3) 

0.046(l) 
0.053(l) 
0.060(l) 
0.0402(9) 
0.048(l) 
0.054(l) 
0.049(l) 
0.049(l) 
0.044(l) 
0.054(l) 
0.092(7) 
0.069(3) 
0.11(l) 
0.074(3) 
0.054(5) 
0.072(5) 
0.062(5) 
0.092(4) 
0.108(3) 
0.073(2) 
0.082(3) 
0.091(3) 
0.062(P) 

0.051(l) 
0.059(l) 
0.050(l) 
0.042(l) 
0.048(i) 
0.052(l) 
0.056(l) 
0.047(l) 
0.057(l) 
0.049(l) 
0.061(6) 
0.053(3) 
0.074(9) 
0.068(3) 
0.073(7) 
0.092(8) 
0.058(6) 
0.082(4) 
0.084(2) 
0.084(3) 
0.066(2) 
0.062(3) 
0.079(2) 

0.0042(9) 0.003(l) 
0.006(l) -0.006(l) 
0.002(l) -0.001(l) 
0.0016(9) 0.003(i) 
0.0004(9) -0.003(l) 

-0.003(l) -0.007(l) 
0.0040(9) 0.004(l) 
0.003(l) -0.003(l) 

-0.002(l) -0.001(l) 
-0.006(l) 0.003(l) 
-0.019(6) -0.007(6) 
-0.004(3) -0.019(3) 

0.026(S) 0.013(8) 
-0.001(2) -0.01413) 
-0.018(5) 0.016(7) 
-0.026(5) 0.009(6) 

0.026(5) 0.016(6) 
0.041(4) 0.029(5) 
0.033(2) -0.000(2) 

-0.014(2) 0.004(2) 
-0.011(3) 0.003(3) 
-0.013(2) -0.004(2) 
-0.001(2) -0.015(2) 

0.001(l) 
-0.011(l) 
-0.000(1) 
-0.0028(9) 

0.002(l) 
-0.006(l) 

0.010(l) 
-0.001(l) 
-0.001(l) 

0.002(l) 
0.006(6) 
0.000(2) 
0.003(8) 

-0.006(3) 
-0.001(5) 
-0.02416) 

0.006(5) 
0.006(4) 

-0.013(2) 
O.Oll(2) 

-0.011(2) 
0.013(2) 
0.003(2) 
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the axial 
vibration 
NAPS.’ 

lengths of the root-mean-square 
ellipsoids is also deposited with 

5. Description and Discussion 
of the Structure 

The crystal structure of DMMAg415 
“tells” us that it is a one-dimensional con- 
ductor. In the Refs. (2-Z7), it has been well 
established that the most important require- 
ments for a solid electrolyte are channels or 
passageways formed by face-sharing poly- 
hedra and a substantial excess of these 
polyhedra over available charge carriers. 
The equilibrium sites for the charge carriers 
usually lie within the polyhedra, although in 
some cases, they could be very close to one 
of the faces. 

In the structure of DMMAg41S, the I- 
ions form icosahedra, at the centers of 
which there is also an I- ion. Therefore 
each icosahedron contains 20 tetrahedra. 
Each of two, and only two, faces at oppo- 
site ends of each icosahedron, is shared 
with another icosahedron, thus forming an 
infinite chain of face-sharing icosahedra 
running along the a axis (Fig. 2). At the 
junctions of the icosahedra, three more tet- 
rahedra are formed (Fig. 2, also see later), 
resulting in 23 crystallographically indepen- 
dent tetrahedra per asymmetric unit. Thus 

a unit-cell increment of a single chain of 
icosahedra has two icosahedra and six addi- 
tional “joining” tetrahedra. There are ef- 
fectively two such increments per unit cell 
related by the 2i axes parallel to the c axis 
(Fig. 3, Table I, and Ref. (27)). 

In the projection of the structure down 
the a axis (Fig. 3), it is very clear that there 
are no channel links between the chains of 
icosahedra; there is no way for a Ag+ ion to 
move from one chain of icosahedra to an- 
other. This projection also shows why the 
(010) plane is a crystal-cleavage plane. 

There are eight Ag+ ions in each asym- 
metric unit. The least-squares calculations 
gave a total of only 7.81 Ag+ ions per asym- 
metric unit. However, there are seven tet- 
rahedra (Table I) that are “empty.” The 
remaining 0.19 Ag+ ions may be distributed 
over these, with an average of about 0.03 
Ag+ ions per tetrahedron. In any case, the 
approximate limits of error on the sum are 
kO.4. 

We now look at the structure in more de- 
tail. Table III gives the distances between 
the central iodide ion and the other twelve 
iodide ions in the icosahedron. There are 
only 10 iodide ions in the asymmetric unit; 
thus the twofold screw axes cause each of 
three of the iodides to be represented in the 
icosahedron twice. 

Table IV gives quantitative information 

FIG. 2. Perspective drawing of the face-sharing icosahedra looking almost up the b axis. Only iodide 
ions are shown. 
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FIG. 3. Projection of the structure down the a axis. Silver ions are not shown. 

on the tetrahedra, including the jump dis- 
tances labeled Ag-Ag. In the first column 
under Ag site, those with an asterisk are the 
empty ones; for each of these, the equilib- 
rium position was taken as the geometric 
center of the iodide tetrahedron and there 
are consequently no calculated standard er- 
rors given for Ag-I or Ag-Ag distances in- 
volving these. 

A stereoscopic drawing of the iodide ico- 
sahedra along the a axis (i.e., -1.5~) look- 
ing approximately along the [Ol I] direction, 

TABLE III 

DISTANCES (A), CENTRAL IODIDE (14) To 
OTHER IODIDES IN THE ICOSAHEDRON 

II 4.632(3) I7 4.632(3) 

I2 4.607(3) 19 4.259(4 
I3 4.719(4) 18' 4.341(3) 
15 4.366(3) I9 4.561(4) 

15' 4.295(3) 19' 4.442(4) 

16 4.697(3) I10 4.536(4) 

AW. 4.509(3) 

is shown in Fig. 4a. Figure 4b drawn ex- 
actly to the same scale is a stereoscopic 
drawing of all possible pathways for the 
Ag+ ions, the circles repesenting the equi- 
librium positions. The two drawings are 
shown separately to avoid confusion. How- 
ever, the interested reader might consider 
making a transparency of Fig. 4b to super- 
pose on Fig. 4a, if required for improved 
understanding. 

Of the 23 tetrahedra three share only two 
faces with other tetrahedra, and twelve 
share only three faces with other tetrahe- 
dra. In both types the unshared faces “see” 
DMM ions. The three tetrahedra that share 
only two faces are Ag21,22,23 which result 
from the joining of the icosahedra. Three 
tetrahedra at each “end” of the icosahe- 
dron share a face with these “joining” tet- 
rahedra (see Table IV and Fig. 4a) account- 
ing for six of the eight tetrahedra that share 
four faces. The remaining two share faces 
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TABLE IV 

DISTANCES&IN AND VOLUMES (W3)o~ THE IODIDE TETRAHEDRA 

*g site 1-I A". ,-I Ag- I A". Ag-I 4-Q "0,. 

2 0.94 Il.13 

5’, 8’, 9’, and 5, 8, 9 with icosahedra at This criterion is fulfilled by all pairs of site 
opposite ends (Fig. 4a). (Note that the fig- occupancies. For example, the highest oc- 
ure does not show the primes; the two faces cupancy is that of site Ag16 (Table IV). An 
are crystallographically equivalent.) Ag+ ion in this site may jump to one of sites 

No pair of face-sharing tetrahedra can Ag6, Ag17, and Ag20, all of which are 
have an occupancy sum greater than one. empty. 
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FIG. 4. (a) Stereoscopic drawing of an increment of chain of iodide icosahedra looking almost along 
the [Ol l] direction. (b) Stereoscopic drawing of possible pathways for the Ag+ ions. Same aspect and 
scale as for a. 

In the iodide tetrahedra surrounding Ag5, edge 4.60 A, the center-to-corner distance 
Ag8, Ag9, Ag16, and Ag19, one of the Ag-I is 2.82 A and the center-to-plane distance is 
distances is substantially longer than the 0.94 A. Excluding the tetrahedra about 
average, suggesting that the equilibrium po- 
sitions of the Ag+ ions in these sites have 

Ag5, 8, 9, 16, and 19, the equilibrium posi- 
tions in the partially occupied tetrahedra 

closer to three than to four coordinations are between 0.09 and 0.21 A from the cen- 
(Table V). For a regular tetrahedron with ters. 
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TABLE V 

DISTANCES OF SELECTED Ag+ ION SITESTO 
NEARESTPLANES 

Ag site Nearest I plane Distances, A 
site-plane 

5 2, 8'. 9' 0.13 
6 5.7,s 0.36 
9 5.6 ,3 0.04 

16 7. 8'. 10 0.54 
19 4, 6 , 10 0.38 

The volumes (Table IV) of the tetrahedra 
(see, for example, Ref. (5)) range from 10.92 
to 12.07 A’; the total volume of tetrahedra 
in the unit cell is 1065.4 A3 which is 27.0% 
of the total crystal volume. The ratio of 
available sites to charge carriers is 2.875 
and the charge-carrier concentration is 
0.81 x 1O22 cm-3. As given earlier, the iso- 
tropic conductivity at room temperature is 
1 x 10m4 n-i cm-l, which leads to r1 = 3 x 
10-4, Cr2 = CT3 - 0 IR-’ cm-’ if our prediction 
that DMMAgJS is a one-dimensional con- 
ductor is correct, and h, = 0.35 eV. 

For comparison, the values of analogous 
parameters for the two-dimensional solid 
electrolyte PyjAgls123 (5) are as follows: 
The total volume of the tetrahedra is 31.6% 
of the unit cell volume, the ratio of avail- 

able sites to charge carriers is 3.06, the 
charge-carrier concentration is 0.89 x 1O22 
cme3, the conductivity ol = u2 = 0.017 
R-1 cm-l (5, Z8), c3 - 10-5-10-6 R-l cm-l 
(28), and h, = 0.21 eV (5). 

The differences in all but the values of h, 
cannot account for the enormous difference 
in conductivity. It is rather the mobility, 
which contains the Boltzmann factor 
exp(-h,lkT), that does; it is related in a 
complex way to the nature and number of 
available pathways which are more favor- 
able in the two-dimensional than in the one- 
dimensional solid electrolyte. 

A comparison of the structure of DM- 
MAg415 should be made with that of pipera- 
zinium lo-silver 1Ziodide 4-dimethylform- 
amide (28). There appear to be “one-di- 
mensional” pathways in the latter also. The 
possible channels are formed by interpene- 
trating icosahedra (Fig. 5), an arrangement 
considerably different from that of the ico- 
sahedra in DMMAg415 (Figs. 2 and 4). It 
turns out that although the ratio of face- 
sharing tetrahedra to Ag+ ions in the pi- 
perazinium compound is 3.00, the Ag+ ions 
in the structure are ordered and there is no 
way for them to have a cumulative net 

FIG. 5. Stereoscopic view of a two-unit cell increment of the channels formed by the face-sharing 
iodide tetrahedra in (C4NZHIZ)Ag,0112 4C3H7N0. The a axis points out of the paper. Large spheres are 
I- ions, small spheres Ag+ ions (from Ref. (23)). 
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translation, as shown in detail elsewhere 
w3). 

Although it is not possible for the Ag’ 
ions in the (C4N2Ht2)AgrJr2*4C3HTNO 
structure to become disordered at a temper- 
ature below its decomposition temperature, 
the structure of DMMAg41S does allow the 
Ag+ ions to order at lower temperatures. 
The most likely ordering is implied by the 
occupancies shown in Table I. There are 
eight sites, Ag2, 7, 15, 16, 18, 21, 22, and 
23, that have occupancies greater than 0.5. 
The tetrahedra containing these sites 
should not and do not share faces (see table 
IV and Fig. 4). 

We obtain the eight sums of the occupan- 
cies (Table I) of the sites (Table IV) sur- 
rounding each of the above eight sites and 
add them appropriately to the occupancies 
of each of the eight sites. These sums are 
1.044, 1.074, 1.101, 0.945, 0.966, 0.94, 
0.988, and 0.937, respectively. Only one 
site, Ag19, is shared by two, namely Ag2 
and Ag18, and only one site, Ag9, with a 
low occupancy, 0.100, is not included 
among the sites contributing to the above 
sums. Thus one may, with some confi- 
dence, predict that if the Ag+ ions do order, 
they will move to fill the sites that have the 
highest occupancy at room temperature. 

Unlike the case of PyAg& (4), it does not 
appear that such ordering will make the 
Ag+ ions immobile. In PyAg&, there is a 
broad heat effect, the peak centered near 
the temperature at which PyAg& becomes 
a true solid electrolyte. The broad peak ac- 
tually overlaps the temperature at which 
the Ag+ ions order (18). It remains to be 
seen whether there is a heat effect in 
DMMAgJx near the ordering temperature. 
Still one may argue, as in the case of 
PyAg&, that even though one would not 
expect a change in space group, the struc- 
ture of the DMMAgJS is not the same as 
that of the disordered one (29), and that an 
order-disorder transition will occur. The 
temperature below which ordering is com- 

plete has not been determined. Resistance 
measurements down to 240 K continue to 
give a linear relation between log(crT) and 
T-l, showing that at least to this tempera- 
ture DMMAgJj continues to be a true, 
though very poor, solid electrolyte. 

Finally, we point out that DMMAgJS is 
the only true one-dimensional solid electro- 
lyte that has thus far been found among all 
the halogenide solid electrolytes. As ex- 
pected, it is a poor solid electrolyte, having 
a high activation enthalpy and low conduc- 
tivity. 

Appendix 

Structure of N, N-Dimethylmorpholinium 
Iodide 

1. Experimental 

The crystal on which the data were taken 
had a monoclinic morphology with (loo), 
(OlO), and (001) faces. The longest dimen- 
sion (0.238 mm) was along [OlOl; the 
widths of the (100) and (001) faces were 
0.074 and 0.117 mm, respectively. Initial 
diffraction data were obtained with the 
Buerger precession camera (MO& radia- 
tion). Reflections Ok0 with k odd were ab- 
sent, indicating P21Jm and P21 to be the 
probable space groups. Initial values of the 
lattice constants gave a volume which when 
compared with that allotted to the di- 
methylmorpholinium iodide in the solid 
electrolyte implied that the cell content 
must be two formula units. 

The X-ray data were collected with the 
same type of equipment as for the 
DMMAgJ5, MoKac radiation, 0 % 20 5 60”, 
same scan-rate range, same checking. Of a 
possible 1475 independent reflections ob- 
servable, 1027 were observed (I > 3a(I)) 
and used in the structure determination and 
refinement. The measured spacings of 15 
reflections were used for the determination 
of the lattice constants. The results were 
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a = 8.861(4), b = 8.020(2), c = 6.685(2) A, 
p = 101.07(3)“. 

The formula weight of the compound is 
243.09, the volume of the unit cell is 
466.2(5) A3; with 2 = 2, the calculated den- 
sity is 1.731 g cmv3. The linear absorption 
coefficient for MOKCY radiation p = 33.35 
cm-l. Absorption corrections were calcu- 
lated on the basis of an 8 x 8 x 8 grid. 
Lorentz-polarization corrections were ap- 
plied to the observed data. 

2. Determination and Rejinement 
of the Structure 

Because the dimethylmorpholinium ion 
can have a plane of symmetry, the space 
group P21/m was assumed to be the more 
likely one. With Z = 2, the 0, N, and two 
methyl C’s and H’s in each ion must then 
lie in the mirror planes as must the I- ions. 
The Patterson plane at y = t immediately 
gave the x and z parameters of the I- ions. 
These and isotropic thermal parameters 
were used in a least-squares calculation, 
following which the first six peaks of a dif- 
ference synthesis gave the positions of the 
independent 0, N, and four C atoms. Sub- 
sequent least-squares calculations with an- 
isotropic thermal parameters quickly re- 
duced the R value to about 0.03. Hydrogen 
atoms were subsequently included with C- 
H distances equal to 1.10 A. The H posi- 
tions were not refined, but were recalcu- 
lated until the positions of the 0, N, and 
C’s showed zero shift. The isotropic ther- 
mal parameters of the H atoms were all set 
equal to 5.8 AZ and were also kept constant. 
The final R = ZjlFOl - ~FC~~/~~F~~ = 0.028 
for the 1027 structure amplitudes. The esti- 
mated standard error of an observation of 
unit weight was 1.06. Positional and ther- 
mal parameter values are given in Tables 
VI and VII, respectively. 

3. Description of the Structure 

As expected, the morpholine part of the 
N,N-dimethylmorpholinium ion (Fig. 6) 

has the chair form. The two methyl carbons 
and the two C2 chair atoms bonded to the 
N form a slightly distorted tetrahedron. All 
C-N bonds (Table VIII) are equal to 1.50 A 
within +-0.01-A limits of error (rt3~ limits 
of error are used in this discussion). This is 
0.03 A greater than the value expected from 
the tetrahedral radii. However, it seems 
that the larger distances occur often. This 
was recognized (30) a long time ago. More 
recent examples with estimated standard 
errors comparable to those of the present 
work are not easy to find in the literature. 
However, several can be found with the 
same central value of 1.50 A. One example 
is [(CHj)3NH]3MnzC17 (31), in which the C- 
N distances equal 1.50 A within 20.03 A. 
The C2-C4 distance, 1.50 ? 0.01 A (Table 
VIII), does appear to be short and the C4- 
0 distance, 1.42 ? 0.01 A, is close to the 
ideal single-bond value of 1.43 A. 

A projection of the structure down the b 

TABLE VI 

DMMI, POSITIONAL PARAMETERS, AND Beqv 

At.mm Y Y 1 Beqv (A2) 

I 0.20209(4) 0.250 0.13393(5) 4.019(5) 

N 0.7774(3) 0.250 0.4336(4~ 3.26(7) 

Cl 0.6375(5) 0.250 0.5353(6) 4.4(l) 

c2 0.7313(3) 0.0990(4) 0.3595(4) 4.17(7) 

c3 0.9165(5) 0.250 0.6531(6) 4.9(l) 

c4 0.6553(4) 0.1036(4) 0.1732(4) 5.43(S) 

0 0.6673(4) 0.250 0.0566(4) 6.61(S) 

HI1 0.534 0.250 0.465 5.3 

n12 0.633 0.133 0.630 5.8 

H31 1.021 0.250 0.534 5.8 

Ii32 0.915 0.362 0.754 5.3 

HZ1 0.767 -0.014 0.449 5.3 

H22 0.394 0.092 0.312 5.3 

H41 0.665 -0.007 0.07s 5.e 

Ha2 0.544 0.103 0.221 5.8 

Note. For this case. B*q" .(4/3)'{a2*Beta(l.l)+ 

b2%ta(2.2)+ c2'Beta(3,3)+2'aocoBeta(l.3)'cos8ets) 
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TABLE VII 

DMMI, THERMAL PARAMETERS, Uij 

Nama U(l.1) U(2.2) U(3.3) U(l.2) U(l.3) U(2.3) 

I 0.0490(l) 0.0507(l) 0.0539(l) 0.000 0.0123(l) 0.000 

N 0.051(2) 0.041(2) 0.031(2) 0.000 0.006(l) 0.000 

Cl 0.061(2) 0.073(3) 0.038(2) 0.000 O.OlS(2) 0.000 

c2 0.064(2) 0.044(2) 0.051(2) 0.001(2) 0.013(l) -0.011(1) 

c3 0.057(3) 0.067(3) 0.051(3) 0.000 -0.014(2) 0.000 

c4 0.083(2) 0.076(2) 0.046(2) -0.009(2) 0.009(2) -0.024(2) 

0 0.094(P) 0.128(3) 0.028(l) 0.000 O.OlO(2) 0.000 

axis is shown in Fig. 7. We would assert Each iodide ion “looks” at the two N 
that the H atoms are, at least, very close to atoms past methyl groups (Fig. 7). If we 
their correct positions. Even if this were focus our attention on the I- ion nearest 0, 
incorrect, there could still not be significant 0, 0 (as opposed to 1, 1, l), lying in the 
van der Waals interaction between DMM plane y = a, these two nearest N atoms are 
ions. The closest approach, 3.41 A of H in the DMM ions in the planes y = $ and y = 
atoms, is that of 2H12 of one ion to 2Hll of -$ and are at a distance 4.505(4) A. The 
the other. Along b, there is an H21-H21 next nearest N is in the DMM ion in the unit 
intermolecular distance of 4.23 A. These cell to the left, which we designate the 
are considerably longer than the van der (- + +) cell, and is in the plane y = a; the 
Waals diameter, 2.4 A (32), of H. distance is 4.56(l) A. The distance to the N 

FIG. 6. N,N-Dimethylmorpholinium ion. 
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FIG. 7. Projection of the structure of DMMI down the 6 axis. 

atom in y = $ of the DMM ion in the same 
unit cell (+ + +) is 5.10 A. These five DMM 
ions may interact electrostatically with the 
particular I- ion, considering that the posi- 
tive charge of the DMM ion is near the N 
atom. 

There are also at least van der Waals in- 
teractions between the I- ion and the H at- 
oms. Moving clockwise from the unit cells 
(+ + -) and (+ - -) are the following I--H 
distances: H41, 3.08 A in each of (++-) 
and (+--); H42, 3.23 A and Hll, 3.13 A 
in the DMM at y = 4 in (+ + +); H12,3.45 A 
in each of (+ + +> and (+ - +); H31,3.34 A 
in (+ + +), but belonging to the DMM at 

TABLE VIII 

INTERATOMIC DISTANCES (A) AND ANGLES (“) IN 
THE N,N-DIMETHYLMORPHOLINIUM ION 

Bond dtstances 
N -Cl 1.499(5) 

-c2 1.503(3) 
-c3 1.505(5) 

C2-C4 1.505(4) 
c4-0 1 .424(4) 

Bond angles 
Cl-N-C2 111.3(2) 
Cl -N-C3 107.7(3) 
C2-N-C2’ 108.4(3) 
C2-N-C3 109.1(2) 
N-C2-C4 110.9(3) 
C2-C4-0 110.9(3) 
c4-o-c4’ 110.9(3) 

Non-bonded distances 
N -C4 2.478(4) CP-C3 2.450(5) 
N -0 2.972(5) C2-C4 2.826(5) 
Cl -c2 2.478(4) c2-0 

c4-c4’ 
2.413(4) 

Cl -c3 
c2-c2’ 

2.426(6) 2.346(7) 
2.436(6) 

y = 4 in (-++), H22, 3.23 A in (-+ +); 
H32 in each of (+ ++> and (+ -+). All 
these distances are less than or equal to the 
sum of the I- radius and the H van der 
Waals radius 2.25 and 1.2 A, respectively. 
Seven DMM ions are involved in this bond- 
ing. 
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