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Abstract: The technique of hydrogen/deuterium isotopic substitution has been used to extract detailed
information concerning the solvent structure in pure ammonia and metallic lithium—ammonia solutions. In
pure ammonia we find evidence for approximately 2.0 hydrogen bonds around each central nitrogen atom,
with an average N—H distance of 2.4 A. On addition of alkali metal, we observe directly significant disruption
of this hydrogen bonding. At 8 mol % metal there remains only around 0.7 hydrogen bond per nitrogen
atom. This value decreases to 0.0 for the saturated solution of 21 mol % metal, as all ammonia molecules
have then become incorporated into the tetrahedral first solvation spheres of the lithium cations. In
conjunction with a classical three-dimensional computer modeling technique, we are now able to identify
a well-defined second cationic solvation shell. In this secondary shell the nitrogen atoms tend to reside
above the faces and edges of the primary tetrahedral shell. Furthermore, the computer-generated models
reveal that on addition of alkali metal the solvent molecules form voids of approximate radius 2.5—3.0 A.
Our data therefore provide new insight into the structure of the polaronic cavities and tunnels, which have
been theoretically predicted for lithium—ammonia solutions.

. Introduction Dissolution of alkali metal into liquid ammonia produces

Interest in the microscopic structure of liquid ammonia arises intensely colored “metal solutions”, in which dissociation of
mainly from the propensity of the Nfmolecules to form hy- the valence electrons from the alkali-metal ions gives rise to a
drogen bonds, and the ability to act as a stable solvent for afich variety of ionic and electronic speciédpr example,
variety of chemically reactive species. For example, liquid am- solvated cations, solvated electrons, spin-paired electrons (bi-
monia is used as a catalyst for many common organic reactions.polarons), contact-ion pairs, ion triples, and dielectron [sairs.

It is also able to dissolve many metals, and thereby release theFurthermore, at around 4 mol % metal (MPM), the solutions
valence electrons into solution. pass through a metahonmetal transitiod. This yields bril-

The lowest energy configuration of the (Ml dimer is an liant bronze-colored solutions of remarkably low density, in
off-linear hydrogen bond,with a dissociation energy of ap- Which the strongly reducing electrons are apparently fully
proximately 12 kJ moit and an N-N distance of 3.26 A. The ~ delocalized.
dimer energy surface, however, is uncommonly flat near equi- Much interest now lies in the structure of these metallic
librium. This, coupled with the fact that the ammonia molecule solutions, particularly the nature of the solvesblvent interac-
has only one lone pair available to accept a hydrogen bond,tions and their involvement in the metatonmetal transition.
leads one to expect quite weak association in the liquid state.Key questions to be answered include the impact of added metal
In fact, the internal energy of liquid ammonia is around 21 kJ on the hydrogen bonding, and the way in which the metal
mol~1,23 approximately half the value for bulk watkindeed, ammonia solution is then able to accommodate the cations and
previous neutron and X-ray diffraction experiments and com- excess electrons. With respect to the solvated excess electrons,
puter simulations have pointed to quite weak hydrogen bonding one is looking in particular for evidence that the solvent is able
in liquid ammonia, without the formation of an extended to form cavities, channels, or low-density regions through which
network2-6 these electrons might percoldt8uch polaronic structures have
been predicted theoreticafiy213
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In this paper the technique of hydrogen/deuterium isotopic factors:

substitution in neutron diffraction has been used to investigate o 2
the structure of the pure ammonia solvent, and metallic lithium F(Kk) = ¢ by TSix (K) — 1] + 2cxcybyby[Sep(K) — 1] +
ammonia solutions at 8 mol % metal (MHi = 92:8) and 21 CHZbHZ[SriH(k) -1] (2
mol % metal (NH:Li = 79:21). This technique gives us
unparalleled insight into the hydrogen-bonding structure in these where the composite coherent scattering lerigttand atomic
systems, which complements recent computer simufatfor concentratiorcy are defined as
and X-ray1® and neutron diffraction studi¢4.1517.18

; ; bX = Cabu/CX’ Cx = Cu’ = 1- Cx (3)

By focusing here on the H-centered correlations, we are able £ a;

to show directly that the hydrogen bonding is severely disrupted
by addition of metal, and is in fact completely absent at  Specifically, theSiu(K) partial structure factor is calculated
saturation. In addition, we show that second-sheltHNand from
H—H distgncesincreasevyith metal concentration, due to a Sk — 1= {XFy(K) + (1 — X)Fp(K) — Frp(K)}/
decrease in overall density as the number of excess electrons 5 ) ) )
increases. In contrast to this, our data exhidieareasén the {eyTxby™ + (1 = X)by” — bypTh (4)
nearest-neighbor NN peak position, plus a narrowing of the
peak width, as one moves from pure ammonia to the metallic
phase. This is due to the strong tetrahedral solvation of the
lithium cations in the metallic phasé!® A three-dimensional
modeling techniqu¥€ has then been applied to our neutron
diffraction data. The resulting model enables us to confirm the b = Xb, + (1 — X)by 5)
presence, and orientation, of a second cationic solvation shell.
In addition, it enables us to tackle the question of how polaronic ~ Similarly, the XH and XX composite partial structure factors
cavities are formed within the solvent, and the way in which are calculated via the following relations:
percolation channels may then arise in the metallic lithium Seu(k) — 1={F,(K) — Fp(K) +

ammonia solution&? 20 2 5
4 (bp” — by)[Syw(K) — 11} 2¢,ciby(by — bp)} (6)

Hvd deuterium isotonic substituiBiakes full ad Six(K) — 1= {Fy(K) — 2c,cbyby[Sey () — 1] —
ydrogen/deuterium isotopic substitu es full advan- 2 2 2 2

tage of the very large difference in neutron scattering lengths G P TSH(9) = e (7)
between hydrogerbj = —3.74 fm) and deuteriunmbf = 6.67 The weighting coefficients of the contributions to the-M
fm). By performing experiments on three samples, which are and X—X partial functions are shown in Table 1, and the
identical in every respect apart from the isotopic composition composite partial structure factors are then given by

of the hydrogen atoms, it is possible to extract the three partial

where the subscripts H, D, and HD refer to the total structure
factors for the protonated, deuterated, and mixture samples,
respectively, and is the fraction of protonated ammonia in
the mixture sample. Then

Il. Theoretical Background

structure factor§n(K), Sxn(K), andSxx (k), where the subscript Sk —1= anba[%H(k) — 1]/cyby 8
H refers to substituted hydrogen atoms and X refers to any “
nonsubstituted atom. 2, 2
K —1= ¢, b, Csh,[S,4(K) — 1]/c b 9)
After corrections, the quantity that can be extracted from a S o=fB=H et Suﬁ XX

single neutron diffraction experiment is the total structure factor,

: A Fourier transform yields the partial pair correlation function,
which can be expressed as

Gs(r), given by
F(k) = ;Cacﬁbabﬁ[suﬁ(k) - 1] 1) Gus(1) — 1= [{KIS4(K) — 1] sinkr) dk}/(27°ngr) (10)

) ) ) ) ) wherek is the scattering vector, is a position in real space,
wherec, is the atomic fraction of specias b, is the neutron  anqn is the atomic number density of the sample. The resulting
scattering length of atom, k = 4s(sin 6)/4 (i.e., the magnitude  natial pair correlation function provides a wealth of information
of the momentum change vector of the scattered neutrons), an(Eoncerning both intra- and intermolecular ateatom distances
Sy(K) is the FaberZiman partial structure factor involving  ang coordination numbers. The average number of atoms of

atomsa andS only. In the current context, this total structure type 8 surrounding an atom of type, between radi; andr»
factor can be written as a sum of three composite partial structureg c5|culated from

13) Diraison, M.; Martyna, G. J.; Tuckerman, M. E.Chem. Phys1999 11 A% = 2.2
(13) Dirai ty ys1999 111, n 4ymocﬁj;1 1°0(r) dr (11)
(14) Hayama, S.; Wasse, J. C.; Skipper, NJTPhys. Chem. B001, 106
(15) sl)ﬁgay7a7r3a, S.; Wasse, J. C.; Skipper, N. T.; Walters, JMél. Phys 2001, whereng is again the average atomic number density of the
(16) Hayama, S.; Wasse, J. C.; Skipper, N. T.; Thompsor. ithem. Phys sample.

2002 116, 2991. _ . ) )
17) %gasgiJil(ég?’Hayama, S.; Skipper, N. T.; Fischer, HPlEs. Re. B IIl. Experimental and Analysis Procedures
(18) g]aSSE,PJH Cé;olgayf?a%i-{fkipper, N. T.; Benmore, C. J.; Soper, A. K. Neutron diffraction data were collected at the Small Angle Neutron
(19) MC%”:éevnyR_ Lg. HO%\,e M. AAnnu. Re. Mater. Sci 1992 22, 217. Diffractometer for Liquids and Amorphous Samples (SANDALS) at
(20) Bowron, D. T.; Soper, A. K.; Finney, J. . Chem. Phy2001, 114, 6203. the ISIS pulsed neutron source, Rutherford Appleton Laboratory, U.K.
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Table 1. Weighting Coefficients for the Contributions to the X—X, a) T
X—H, and H—H Terms for the 0, 8, and 21 MPM Solutions b
0MPM 8 MPM 21 MPM -
H—H partial 21 MPM (+2.0 b)
H—-H 1.000 1.000 1.000 |
X—H partial £ -
N—H 1.000 1.018 1.057 s 8 MPM (+1.0 b)
Li—H —0.018 —0.057 =
X—X partial <
N—N 1.000 1.036 1.117 T 1
N—Li —0.036 —0.121 0 MPM 1
Li—Li 0.0003 0.0033
L A
This instrument is optimized for the measurement of the structure of 15 20

liquid and amorphous samples, and in particular for hydrogen/deuterium
substitutior?®

To prepare the metal solutions, an ingot of lithium was mechanically 1
cleaned, and then weighed in a dry argon atmosphere glovebox (O
and RO less than 10 ppm). This freshly cut piece of lithium was loaded
into a highly polished flat-plate null coherent scattering titanium/
zirconium cell, with 1 mm sample and wall thicknesses. This geometry
minimizes multiple neutron scattering and absorption. The sample cell
was then sealed, removed from the glovebox, and attached to a closed
cycle refrigerator on the beam line. Prior to in situ condensation of
ammonia, the cell was connected to a purpose-built stainless steel gas
rig via a 1/8 in. capillary, and was evacuated to a pressure of less than
107% mbar. A known volume of ammonia gas was condensed directly
onto the lithium metal held at 230 K, to achieve the required
concentration of metal in solution. The temperature of 230 K was chosen
to be below the boiling point of ammonia, and to avoid the region of
phase separation occurring-a210 K.’

For each sample, a series of about eight neutron diffraction data riA
sets were collected over a total of 10 h. During this time, the stability rjgre 1. (a) Total structure factors (error bars) and MIN fit (solid line)
of the solutions was monitored by checking the consistency of the raw and (b) total radial distribution functions for the deuterated samples.
data, and by measuring the gas pressure over the solution. No significant
change in gas pressure was recorded, and we therefore conclude thafficacy of these procedures was verified by checking the self-
there was no significant decomposition of solution to the amide- (Li  consistency of the composite partial structure factors and their Fourier
NH_) plus hydrogen gas. back-transforms.

Data were collected at two concentrations for the metallic solu- A minimum noise transform was used to produce the radial
tions: 8 and 21 MPM. At each concentration we measured three distribution functions presented héf&® This method of Fourier
isotopically distinct samples: ENDs, Li—NHs, and a 50:50 mixture  transformation is an iterative technique, which attempts to generate
of Li—NDs and Li=NHs (50:50 being chosen here to maximize the pair correlation functiongy,(r), which are as smooth as possible while
scattering differences between the samples). Diffraction data were alsostill consistent with the data. In this way we are able to focus on real
collected for pure liquid ammonia, the three samples here being ND  features, and not, for example, those that might be caused by truncation
NHs, and a 33:67 mixture of Npand NH; (a so-called “null-scattering”  of the structure factor and/or noise within the data.
mixture). For data correction and calibration, scattering data were also  Finally, a so-called reverse Monte Carlo (RM&@olecular model-
collected from the empty instrument (with and without the empty sample ing technique was used to generate a 3-dimensional ensemble consistent
cell), and an incoherent scattering vanadium standard slab of thicknessyith the experimental data and known structural constraints, for

21 MPM (+6.0b)

G(n / barn
© = N W » O O N © ©

8 MPM (+3.0 b)

3.48(2) mm. _ _ _ ~ example, intramolecular atoratom distances, the geometry of the
Background, multiple scattering, absorption, and normalization ammonia molecule, and the tetrahedral solvation of lithium cafibns.
analysis procedures were implemented by the ATEASsuite of The data sets used for the RMC modeling comprised the total static

programs, to give the differential scattering cross-section for each structure factors for the fully deuterated, fully protonated, and mixed
isotopically distinct sample. Polynomials, representing the self-scattering samples. In each simulation, the minimum number of atoms used was
and inelastic scattering, were then subtracted from the normalized 3000. The atomic density was set to the experimental value and a cubic
differential cross-sections to yield the total static structure factors.  box side of approximately 35 A calculated accordingly. This method

The three target composite partial structure factorsXX—H, and allowed us to probe the angular orientations of the solvent molecules,
H—H were formed using eqs—4/. At this stage it was deemed relative to each other and the lithium cation (the latter using a predefined
necessary to perform a further semiempirical inelastic scattering axis for the Li-(NHs), tetrahedron). In addition, the final model reveals
correction to the lowQ region of these partial structure factors, because for the first time the structure and concentration of the polaronic cavities,
of the large number of hydrogen atoms present in our sampiEse which may accommodate the excess electrons.

(21) Soper, A. K.; Howells, W. S.; Hannon, A. @tlas-Analysis of Time-of- IV. Results and Discussion
flight Diffraction data from Liquid and Amorphous Sampl&utherford . L. i i .
Appletonf Lzbﬁratory Report RAL-89-046; Rutherford Appleton Labora- We have studied liquid ammonia and metallic solutions of
tory: Oxfordshire, U.K., 1989. it P ; i :
(22) Soper, A. K. InNeutron Scattering Data Analysis 199bhnson, M. W., lithium in ammonia at 8 and 21 MPM using hydrogen/deuterium
Ed.; IOP Conference Series Number 107; IOP Publishing: Bristol, U.K.,
1990; pp 5767. (23) Soper, A. K.; Andreani, C.; Nardone, hys. Re. E 1993 47, 2598.
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Figure 2. (a) H—H partial structure factor (error bars) and MIN fit (solid  Figure 3. (a) X—H partial structure factor (error bars) and MIN fit (solid
line) and (b) H-H partial radial distribution function. line) and (b) X-H partial radial distribution function.

isotopic substitution. Our experiments therefore provide us with
total static structure factors (eq 2), and the partial static structure

factors and pair correlation functions for2X, X—H, and H-H ; ; ! ) oo X
correlations (egs 4, 6, 7, and 10). high+ region of the partial radial distribution functions.

The measured total structure factors, the minimum noise fit, To determine the nearest-neighbor distances and coordination
and the total pair correlation functions for 0, 8, and 21 MPM numbers, each of the partial pair correlation functions has been
lithium—ammonia solutions are presented in Figure 1. The Plotted asr?g(r), and a Gaussian curve fitting procedure has
minimum noise fit shows excellent agreement with the measured P€en applied, as shown in Figuresband Tables 24. This
data, and therefore gives us confidence in the data analysisa”aWS'S is able to separate the quite broad features typical in
techniques use¥.Upon addition of lithium metal to ammonia, liquid structures, and therefore provides the basis for quantitative
a decrease in the position of the principal peakFifk) is discussion of the local structure in our solutions, as follows.
observed, from 2.07(2) & in liquid ammonia, to 2.01(2) and A. Hydrogen Bonding and Solvent Structure.In the context
1.85(2) A 1in 8 and 21 MPM solutions, respectivély?-18This of hydrogen bonding, the key functions are the-B partial
shift is consistent with the reduction in solution density with structure factors and radial distributions (egs 6 and 10). These
metal concentration, as the solvent expands to accommodatéunctions are shown in Figures 3 and 6, and contain direct
the excess electrons as they are dissociated from the lithiuminformation about the intermolecular-NH correlations. It is
atoms’ For the saturated (21 MPM) solution, the presence of a immediately clear that the size of the shoulder-&4 A due
prepeak at-1 A~lindicates intermediate-range ordering in the to N—H hydrogen bonding decreases with metal concentration.
solution. This feature is associated with correlations between This shoulder merges into a broad peak at around 3.6 A, which
solvated cation&’ and is discussed in detail in this section. ~ We assign to non-hydrogen-bonded (van der Waals) contacts.

Figures 2-4 show the composite partial structure factors, Gaussian fitting ta?g(r) in this region (Table 3) shows that in
together with the corresponding composite partial pair correla- the pure solvent the number of hydrogen bonds per nitrogen
tion functions, for H-H, X—H, and X-X. From these functions ~ atom is 2.1+ 0.5, in good agreement with previous neutron
we note first that all intramolecular distances within the and computer simulation studies. Note here that in solid
ammonia molecules are unaffected by the presence of the lithium@mmonia there are 3.0 hydrogen bonds per mole€ufé.
cations and excess electrons. We then observe that, in ac .
cordance with the total structure factors, the principal peak g‘s‘g Eg\?v(;{t,JAW\/\;/.!—lsli’glféIl,DC'\AAIétgr(];g]s't;r:)y;}?g%gsiéggé.
position in all three of the partial structure factors decreases (26) Olovsson, I.; Templeton, D. Hicta Crystallogr 1959 12, 832.

with metal content. This effect reflects the overall reduction in
solution density, and leads to corresponding peak shifts in the

J. AM. CHEM. SOC. = VOL. 125, NO. 9, 2003 2575



ARTICLES Thompson et al.
a) T T T T T T 20
21 MPM (+8.0 b)
E 8 MPM (+4.0 b)
3 <
= E
o S 10}
3 <
5 S
2
0
0
b) 6.0 T T
55f 20
sof
45k 21 MPM (+3.0 b)
4.0
£ 35
3 30 8 MPM (+1.5 b) <
T 25 £
= T 8 10}
> 20 E‘
1.5 3
1.0 2
0.5
0.0
()} 1 2 3 4 5 6 7 8
riA 0
Figure 4. (a) X—X partial structure factor (error bars) and MIN fit (solid 0
line) and (b) X-X partial radial distribution function.
e . . . 30
Addition of lithium metal causes a large decrease in the
number of hydrogen bonds per nitrogen atom, to only 0.7 bond
per nitrogen atom for the 8 MPM solution. Furthermore, for
the 21 MPM saturated solution, the hydrogen-bondedHN
shoulder disappears altogether as all the remaining ammonia xg
molecules become involved in the solvation shell of the lithium €
cation. This disruption to the hydrogen-bonded network coin- [
cides with the formation of the extended polaronic electron &
cavities that leads to the metallic state, and the uncommonly ~§ 10
low density at saturation. We discuss these issues in subsection
C.
The H-H partial pair correlation function shown in Figure
2 confirms our conclusions on the disruption of hydrogen 0
0

bonding. At 0 MPM (pure ammonia), a large feature is evident
at ~2.9 A. This is equivalent to the distance between two
hydrogen atoms on two adjacent hydrogen-bonded molécules
(taking the hydrogen-bonding angle to be 107Again the

r2gun(r) function has been fitted with Gaussians (Figure 5), and

rlA

Figure 5. Gaussian fits ta2guyu(r). The error bars show the measured
data, the solid lines the total Gaussian fit and the individual Gaussian peaks.

as may be expected, the estimated coordination number ofdecreasing density as metal concentration increases. However,

nearest-neighbor HH correlations decreases rapidly, fron7.5
atoms in pure ammonia, to 5 atoms in 8 MPM solution, to only
3 atoms for the saturated solution.

We now move to the XX correlations, which contain a
strong contribution due to NN interactions. Here we note that
the first N—=N peak position shiftsnward in real space, from
3.48(2) A in pure ammonia to 3.44(2) A in 8 MPM solution
and 3.42(2) in the 21 MPM solution. At first this trend may

this shift in the values of nearest-neighborN distances
reflects the “tighter binding” between the ammonia molecules
involved in the cationic solvation spheres than that existing
between the ammonia molecules in the pure solvent. The
concomitant narrowing of the nearest-neighberMpeak width

is consistent with this interpretation. As one would hope, our
nearest-neighbor NN peak positions are in extremely close
agreement with recent X-ray wotkas are the NN first-shell

seem counterintuitive, especially when one remembers thecoordination numbers.
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Figure 6. Gaussian fits ta2gxu(r). The error bars show the measured

. L 2
data, the solid lines the total Gaussian fit and the individual Gaussian peaks.F’gure 7. Gaussian fits tagu(r). The error bars show the measured

data, the solid lines the total Gaussian fits and the individual Gaussian peaks.
Our first peak in the X-X partial pair correlation function

in pure ammonia, relating to first-shell-\N correlations, is Integration of peaks 1 and 2 of the Gaussian fit4gyx(r)
asymmetric on the highside>® The general shape of the-N (Figure 7) yields first-shell coordination numbers on the order
peak presented here, although not split, is consistent with of ~12,~8, and~6 molecules around a central nitrogen for 0,
Narten’s measured NN distances of 3.73 and 3.40%Awhich 8, and 21 MPM solutions, respectively. The equivalent integra-

show some of the 12 neighboring ammonia molecules to be intion in r space of peaks-24 of the Gaussian fit t@2gxn(r)

van der Waals contact and some to be hydrogen-bonded at gFigure 6) gives the corresponding number of second-shell
distance of~3.4 A. However, at 21 MPM when no trace of hydrogen atoms surrounding a central nitrogen atom as 34, 25,
hydrogen bonding remains, the first-shet-N peak narrows and 19, corresponding tell, ~8, and~6 molecules around
and becomes more symmetric: the asymmetry of theNN the nitrogen atom for O, 8, and 21 MPM solutions. However,
correlation is therefore a signature of hydrogen bonding. the coordination numbers of the>X and X—H peaks in the
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Table 2. Peak Assignments and Coordination Numbers: H—H Correlations

HH OMPM 8MPM 21 MPM

assignment rlA area/atoms rA area/atoms rlA area/atoms
intra-H—H 1.64+ 0.02 2.2+ 0.2 1.64+ 0.02 2.2+0.2 1.64+ 0.02 2.2+0.2
inter-H—H 2.824+0.05 75+ 1.0 2.87+ 0.06 5.0+ 1.0 3.00+ 0.07 3.0+ 1.0
inter-H—H 4.14+0.29 28+ 2 4.21+ 0.35 224+ 2 4.384+ 0.36 21+ 2
inter-H—H 5.31+0.20 23+ 2 5.34+0.23 16+ 2 5.60+ 0.25 18+ 2

Table 3. Peak Assignments and Coordination Numbers: X—H Correlations

Y—H 0MPM 8MPM 21 MPM
assignment rIA area/atoms rIA area/atoms rIA area/atoms
intra-N—H 1.03+£0.01 3.1+ 0.2 1.03+ 0.01 2.8+ 0.2 1.03+ 0.01 3.0£0.2
inter-N—H 2.42+0.02 2.1+ 0.3 2.45+ 0.05 0.7+ 0.2 0.0
(H-bonded)
inter-N—H 3.40+ 0.08 11+ 1 3.36+ 0.10 6+ 1 3.34+0.10 3.0+£05
inter-N—H 4,174+ 0.08 21+ 2 4.14+ 0.09 18+ 1 4.12+ 0.10 16+ 2
inter-N—H 5.10+ 0.15 12+ 2 5.19+ 0.12 10+ 2 5.20+ 0.15 10+ 2

Table 4. Peak Assignments and Coordination Numbers: X—X Correlations

X=X 0MPM 8 MPM 21 MPM
assignment rIA area/atoms rlA area/atoms rlA area/atoms
inter-N—N 3.59+ 0.05 8.5+ 0.5 3.52+ 0.07 5.6+ 0.5 3.49+ 0.05 41+ 05
inter-N—N 4.40+ 0.12 4.0+ 0.6 4.20+0.10 2.9+ 05 4.27+ 0.6 1.8+ 0.4
inter-N—N 5.10+0.12 4.0+ 1.0 4.88+ 0.14 2.8+05 4.82+0.11 2.1+ 04
21 MPM solution, obtained by integrating te4.0 and 4.8 A, comprises the three surrounding nitrogen atoms in the primary

respectively, are greater than those expected for an isolatedtetrahedral shell, plus nitrogen atoms above the three nearest
tetrahedron of ammonia molecules around a cation. This faces or edges of the first shell.
suggests the presence of a second shell of solvent molecules Further evidence of this arrangement of-{(NHs), species
surrounding the lithium ion. is present in the %H pair correlation function (Figures 3 and

B. Cation Solvation and Cation—Cation Structure. Previ- 6). At saturation, the total number of hydrogen atoms around a
ous studies have shown that lithium is strongly tetrahedrally nitrogen atom (intermolecular) is19 (up to a distance of5
solvated by ammonia, with an average first-sheltNidistance A), as may be expected given the likelihood of three nitrogen
of ~2 A.1617Vig RMC modeling!® we are now able to produce  atoms around any nitrogen atom in the first shell, and a further
a detailed picture of the second solvation shell of ammonia three in the second shell. As the metal content is increased to
molecules around the lithium cation, which takes into account saturation, the emergence of a second peak4at A (Figure
the angular dependence relative to the primary tetrahedral3) is largely due to the fact that, at saturation, there will be
solvation shell, as well as the distance from the cation. Figure few, if any, solvent molecules not bound to a cation. Any second
8 shows the RMC fit to the three total structure factors, while shell must therefore be formed by ammonia molecules shared
a comparison between the RMC and measured partial pairbetween two cation¥. The solvent molecules’ orientations are
correlation functions is given in Figure 9. Analysis of the relative governed by the nearest catioma A distance, so the hydrogen
orientation of the ammonia molecules in the first and second atoms, rather than the nitrogen atoms, on the second-shell
solvation shells was carried out with respect to a central Li ~ solvent molecules must point toward their next nearest lithium
(NHs)4 unit, which was oriented so that one of the-N bonds ion.
lies along thez axis, and one N-Li—N angle lies in thexzplane. In the 8 MPM solution, a number of unbound ammonia

By applying the same set of translation and rotation matrixes molecules remain. The second shell is then likely to consist of
to the next nearest nitrogen atoms, we can build up a picture of some unbound and some cation-bound ammonia molecules. The
the second shell’'s orientation relative to the first shell. In this coordination numbers for NN and N-H intermolecular
way, we find a preference for the solvent molecules to lie above correlations are also higher, showing that a greater degree of
the faces and edges of the primary-shell tetrahedron. Simplepacking is possible, despite the fact that the nearest-neighbor
geometric considerations then give a first-shell to second-shell X—H distances show no decrease as the metal content is
N—N distance of 3.6 A. This arrangement is in accordance with increased.
the second shell inferred from previous lithium-centered neutron  Armed with this picture of the cation solvation, we can turn
experiments? which predicted a second-shelli-y ~ 4 A. our attention to the origin of the intermediate-range order that
Indeed, the first peak in the current=X pair correlation is observed in these solutions. At saturation, the first sharp
function, assigned to NN correlations, extends further than diffraction peak in the total structure factor occurs at 1.00(2)
this distance. The total coordination number for this feature is A~L. This feature survives in all three of the composite partial
~6 atoms, which is greater than the 3 atoms that may be structure factors. We therefore conclude that this signature of
expected for an isolated single-shell tetrahedron. This is clear intermediate-range order must be caused by correlations between
evidence of a second solvation shell, in which the M peak the host ammonia molecules, extending out to a distance of
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Figure 8. Reverse Monte Carlo fit to measured total structure factors: top 0
curve, deuterated sample; middle curve, mixture sample; bottom curve, 0 2 4 6 8 10
protonated sample. riA

Figure 9. Comparison between the RMC model and the measured partial
~27/k = 6.3 A and with a coherence length defined by the paircor_relation functions for the 21 MPM solution: solid line, experiment;
- . dotted line, RMC model.

prepeak widthAk, and extending to;2/Ak ~ 25 A. The prepeak
position is consistent with contacts between solvated cations.
Indeed, in lithium-methylamine solutions the corresponding example, it has been postulated that an isolated excess electron
prepeak shifts to a lowek value of 0.88(2) A%, due to the occupies a solvent cavity of approximate radius 3 A. However,
increased solvated cation raditfs® we know very little about the snapshot structure of such

C. Cavity Formation. One of the outstanding challenges of polaronic voids, channels, or low-density regions through which
metal-ammonia solutions is to understand their fascinating the solvated electrons might percolate. Ideally, therefore, we
electronic properties in terms of their microscopic structéré. would like to generate an excess-electron-centered view of our
In this context, a great deal of relevant information has already solutions, much as we have just done for H, N, and Li. The
been collected, particularly from magnetic resonance measureproblem, of course, is that in terms of neutron scattering this
ments, X-ray diffraction, and ab initio simulatiof$.1316 For amounts to looking for “the dog that did not bark"We have
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Figure 10. Nitrogen—cavity, lithium—cavity, and hydrogencavity pair & 0.00

correlation functions in the (a) 21 MPM solution and (b) 8 MPM solution. 10

The sharp cutoff for the hydrogercavity function arises because the cavity Number (x) atoms per sphere
is strictly defined as a sphere containing zero atomic centers, and the

hydrogen atoms reside closest to these spherical voids. Figure 11. Probability of a sphere of (a) radius 2.5 A and (b) radius 2.0

A containingx number of atoms: comparison among 0, 8, and 21 MPM
therefore generated a 3-dimensional R¥IGnodel that is solutions. Note the significant difference in the probability of finding a

. sphere of zero or one atom in the metallic 8 and 21 MPM solutions as
constrained by our data, and have subsequently analyzed thompared to the pure ammonia solvent.

molecular configurations for potential solvent cavities.

Analysis of the propensity and relative positioning of cavities  The graphs in Figure 11 show the results of the analysis, and
within the RMC model was carried out in the following way:  give credence to our initial hypothesis. In pure ammonia, there
points were chosen approximately every 0.2 A in thg, and are very few regions of low solvent density; the most likely
z directions, and a sphere of radius 2.5 A was defined around number of atoms per sphere of radius 2.5 A is 7 (density
that point. A minimum image convention was applied to the considerations predict this number to be 6.5), and the distribution
cubic box, and the number of atom centers (lithium, nitrogen, is symmetrical about its center. However, for 8 and 21 MPM
or hydrogen) lying within each sphere was recorded. One might the probability distribution shows the presence of a significant
argue that this definition of a cavity (that is, no atornénters ~ number of spheres containing zero or one atom, demonstrating
lying within the sphere) leads to an overestimation of the cavity that there are regions of lower atomic density throughout the
radius, since the atomic sizes have not been taken into accountsolutions. Figure 12 shows the cavity distribution and their
However, by calculating the nitrogeicavity, hydroger-cavity, tendency to form channels in the 8 and 21 MPM solutions.
and lithium—cavity pair correlation functions, shown in Figure
10, we are able to estimate the number of atoms, hence anV. Conclusions

“atomic volume”, that encroach on the spherical void. Upon  The technique of hydrogen/deuterium substitution in neutron
integrating the radial distribution functions to a distance equal yitfraction has been used to extract detailed information

to the sum of the cavity radius and the atomic radius, we find ¢oncering the nature of the solvent structure in pure ammonia
a very low coordination number e#4.8 and~5.6 atoms for 4.4 ithium-ammonia metallic solutions. We assert that the
21 and 8 MPM solutions, respectively. The maximum atomic j,«qduction of alkali metal to the ammonia solvent causes a
volume as defined above is less than 3% qf the spherical Ca"'tysignificant disruption to the degree of hydrogen bonding present,
volume, for both the 8 and 21 MPM solutions, so the method fom ~2.0 hydrogen bonds per nitrogen atom in the ammonia
of cavity analysis used here is valid. solvent to 0.7 and 0.0 hydrogen bonds in 8 and 21 MPM
(27) Conan Doyle, AThe memoirs of Sherlock Holmes: “&ir Blaze”; Strand solutions, respectlvely_. In Conjl_mcnon with a r(_averse Monte
Magazine, London, UK, 1892. Carlo molecular modeling technique, we then build up a picture
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(@ (b)

Figure 12. Distribution of cavities throughout the (a) 21 MPM and (b) 8 MPM metallic solutions of lithium in ammonia. The shaded areas represent
spheres containing zero nitrogen, hydrogen, or lithium atoms/ions.

of the intermolecular arrangement of solvent molecules around this hypothesis. Indeed, nanosegregation of regions of lower
the cations. At saturation, a secondary solvation shell composedand higher atomic density is clearly observed, to allow percola-
of ammonia molecules shared between two cations is apparenttion of the dissociated (excess) electrons, leading to the
in which the solvent molecules preferentially reside above the formation of the highly conducting metallic state.

faces and edges of the primary tetrahedral solvation shell. Such

a packing arrangement will naturally give rise to the observed !
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corresponding to the mean distance between solvated cations® the Rutherford Appleton Laboratory, U.K, and Dr. Jennifer

Contrary to a large density decrease occurring upon addition Walters for her invaluable coqtrlbutlons. We are indebted to
of alkali metal to ammonia, we note a shifiward of the Prof. Robert McGreevy for advice and access to reverse Monte

nearest-neighbor NN distance. This observation, in addition Carlo programs, and to Prof. Peter Edwards, Dr. Pierre Damay,

to the 6-fold coordination of the first NN peak, immediately and Dr. Frar)o_ise L_eclercq for h?lprI O!iscussions. Thanks go .
suggests that the density decrease is caused by formation O;o the UK Engineering and Physical Sciences Research Council
Sand ISIS Facility for financial support.

Acknowledgment. We gratefully acknowledge the assistance

cavities/channels between the solvated cation species. Analysi
of the 3-dimensional model obtained via RMC further supports JA021227S

J. AM. CHEM. SOC. = VOL. 125, NO. 9, 2003 2581



