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Solutions Studied by Neutron Diffraction with *N/5N, ®Li/’Li,
and H/D Isotopic Substitution Methods

Yasuo Kameda,* Motoya Sasaki, Yuko Amo, and Takeshi Usuki

Department of Material and Biological Chemistry, Faculty of Science, Yamagata University,
1-4-12 Kojirakawa, Yamagata 990-8560

Received June 8, 2005; E-mail: kameda@sci.kj.yamagata-u.ac.jp

Neutron diffraction measurements have been carried out at 25 °C for aqueous 18 mol % lithium alaninate heavy
water solutions, [C*H3;C*H(*ND,)COO*Li]y 15(D,0).52, in which the isotopic compositions '“N/*N, Hy; /Dy (Hp:
methyl-hydrogen atom), and Hyy /Dy (Hyy: methine-hydrogen atom) within the alaninate ion, and °Li/’Li for the lithi-
um ion were changed. The hydration structures of both alaninate and lithium ions were derived from the least squares
fitting analysis of observed first-order difference functions, Ax(Q), Ap,,(Q), An,, (Q), and Ar;(Q). It was revealed that
the amino group of the alaninate ion forms a hydrogen bond of the N--D,,;—Oy,Dy; type (O, and Dy, denote water—oxygen
and water—deuterium atoms, respectively) with ca. one D,O molecule (rnp,, = 2.00(1) A, LN-Dy -0y, = 165(10)°),
and simultaneously forms hydrogen bonds of the N--OD, type with 1.4(1) DO molecules (rno = 2.95(5) A, ND =
3.35(5) A). The numbers of water molecules neighboring hydrogen atoms within the methyl- and methine-group of
the alaninate ion were determined to be 0.62(1) and 0.86(9), respectively. The first coordination shell of Li* was found
to consist of 2.42(5) D,O molecules and 2.3(2) alaninate ions. The bond angle ZLi*--O.~C (O,: carboxyl-oxygen atom)
and the dihedral angle between the plane involving atoms Li*--O.~C and the plane of the carboxyl group of the alani-
nate ion were determined to be 101(1) and 74(1)°, respectively.
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The structural properties of interactions between amino acid
molecules and metal ions have received a lot of attention be-
cause of their importance in extensive fields of chemical and
biological sciences. A large number of crystallographic data
have been accumulated for various chelate complexes of ami-
no acids with transition-metal ions, in which the amino acid
molecule coordinates as a bidentate ligand binding through
both amino-nitrogen and carboxyl-oxygen atoms.! The com-
plex formation of the glycinate ion with Ni’*, Cu?*, and
Zn** in aqueous solution has been investigated by X-ray dif-
fraction>* and EXAFS® methods. It has been reported that
the coordination of these metal complexes is also accomplish-
ed as a bidentate chelate through the N and O atoms of the gly-
cinate ion. An X-ray diffraction study on Zn(II) complexes
with the «-alaninate ion in aqueous solution has revealed that
the alaninate ion exhibits bidentate coordination.® A relatively
small number of structural investigations have reported on the
interaction between alkali metal ions and amino acid mole-
cules. According to a theoretical study on the gas-phase com-
plexes of the glycine molecule with Li™ and Na™, the lowest
energy species corresponds to a five-membered ring in which
Li™ and Na™ are coordinated to both N and O atoms of the gly-
cine molecule.” On the other hand, recent single crystal X-ray
diffraction results of sodium nitrate—glycine (1/1) have shown

that the zwitterionic glycine molecule coordinates as a mono-
dentate ligand to the sodium ion through a carboxyl-oxygen
atom of the glycine molecule.® The coordination structure of
amino acid with the alkali metal ion in aqueous solution has
not yet been reported.

In the present paper, we describe the results of TOF neutron
diffraction measurements on aqueous 18 mol % lithium alani-
nate heavy water solutions. 14N/ISN, 6Li/7Li, Hyi /Dy, and
Hyy /Dy isotopically substituted samples were employed in
order to obtain information on the environmental structure
around the substituted atom. Structural parameters concerning
the first hydration shell of Li* and those of the amino-nitrogen,
the methyl-hydrogen, and the methine-hydrogen atoms of the
alaninate ion were determined from the least squares fitting
analyses of observed first-order difference functions, An(Q),

ALi(Q), Any,(Q), and A, (Q).

Experimental

Materials.  Isotopically enriched pL-CH3CH('>NH,)COOH
(98.0% >N, CIL Inc.), bL-CD3;CH(NH,)COOH (98.0% methyl-
D, CIL Inc.), pL-CH3CD(NH;)COOH (98.0% methine-D, Aldrich
Chemical Co.), and pL-CH3CH(NH,)COOH (natural abundance,
Nacalai Tesque, guaranteed grade), were reacted with SLiOH.
H,0 (95.0% °Li, Aldrich Chemical Co.) and "LiOH-H,0 (99.9%
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Table 1. Isotopic Composition of Sample Solutions Used in This Study
Sample UN/% BN/%  ®Li/% "Li/% Hu/%° Dm/%Y Hw/%” Dy /%"

1 [CH3;CH('*ND,)COOLi]y.13(D20)0.52 99.6 0.4 0.1 99.9 100 0 100 0

I [CH3CH('ND,)COOLi]o.13(D20)0 52 2.0 98.0 0.1 99.9 100 0 100 0

I  [CH;CH('*ND,)COOQ°Li]g 13(D>0)g 52 99.6 0.4 95.0 5.0 100 0 100 0

IV [CD;CH(**ND,)COO0"Li]y15(D20)g 52 99.6 0.4 0.1 99.9 2.0 98.0 100 0

A% [CH3CD('*ND»)COOLi]o.15(D20)0.52 99.6 0.4 0.1 99.9 100 0 2.0 98.0

a) For methyl-hydrogen atoms of alaninate ion. b) For methine-hydrogen atom of alaninate ion.

Table 2. Mean Scattering Lengths, bx, by, bu,, and by, , of Nitrogen, Lithium, Methyl-Hydrogen, and Methine-Hydrogen Atoms,
Total Cross Sections, and Number Density of Sample Solutions Scaled in the Stoichiometric Unit, [C*H3;C*H(*ND,)COO*Li]o.15-

(D20)o.82, 01 and p, Respectively

bx by by, bu,, Oy
Sample /102em /107%2em /1072em®  /1072em®  /barns® //{)—3
I [CH3CH('*ND,)COQLi]y.15(D20)0.52 0.936 —0.222 —0.374 —0.374 43.160
I [CH3CH('*'ND,)COOLi]y.15(D20)o.52 0.650 —0.222 —0.374 —0.374 41.863
I [CH3CH('*ND,)COO°Li]0.13(D20)0.52 0.936 0.179 —0.374 —0.374 132.387  0.02133
IV [CD;CH("*ND,)COO’Li]y.i5(D20)o.52 0.936 —0.222 0.646 —0.374 27.432
A [CH;CD(**ND,)COOLi]y 15(D20)o.52 0.936 —0.222 —0.374 0.646 37.917

a) For methyl-hydrogen atoms of alaninate ion. b) For methine-hydrogen atom of alaninate ion. ¢) For incident neutron wavelength

of 1.0A.

7Li, Tomiyama Chemical Co.) in aqueous solutions. The product
solutions were carefully dehydrated at 80°C under vacuum to
obtain five anhydrous lithium alaninate samples with different
isotopic compositions, pL-CH3;CH('*NH,)COO’Li, pL-CH;CH-
(>'NH,)COO’Li, pL-CH3CH(**NH,)COO°Li, bL-CD;CH('**NH,)-
COO’Li, and pL-CH3CD('*NH,)COO’Li. Deuteration of the
amino-hydrogen atoms within the alaninate ion was achieved by
dissolving the anhydrous lithium alaninate into 10 times the molar
quantity of D,O (99.9% D, Aldrich Chemical Co.), followed by
dehydration at 80 °C under vacuum. This procedure was repeated
4 times. The H/D isotopic compositions of the methyl- and the
methine-hydrogen atoms were checked by the FT-IR method as
described previously,” and the consistent values were confirmed
with the manufacturer’s specification.

The required amounts of enriched compounds, pL-CH3;CH-
(*ND,)COO'Li, pL-CH3CH('*ND,)COO’Li, pL-CH3;CH('4ND,)-
COO°Li, pL-CD;CH(*ND,)COO’Li, and pL-CH;CD('*ND,)-
COO’Li, were respectively dissolved into D,O (99.9% D, Aldrich
Chemical Co.) to prepare five kinds of aqueous 18 mol % lithium
alaninate solutions with different isotopic compositions of amino-
nitrogen, methyl-hydrogen, and methine-hydrogen atoms within
the alaninate ion, and also the lithium ion, i.e., I: [CH;CH(*ND,)-
COO’Lily.13(D20)g.52, II: [CH3CH('*ND,)COOLi]0.15(D20)0 52,
III: [CH3CH('*ND,)COOQ°Li]0,13(D20)g.52, IV: [CD3CH(**ND,)-
COO7Li]0‘18(D20)0‘82, and V: [CH3CD(]4ND2)COO7Li]0'18-
(D20)0.52, respectively. The H/D ratio of the exchangeable hydro-
gen atoms within the sample solution, was checked by the ATR-
IR method, which has been described elsewhere.® The *C NMR
measurements were carried out on sample solutions using a JEOL
«-400 spectrometer. The results did not show any indication of the
polymeric species in the present sample solutions. The sample
parameters used in this study are listed in Tables 1 and 2.

Neutron Diffraction Measurements. The sample solution
was sealed into a cylindrical quartz cell (7.3 mm in inner diameter
and 0.5 mm in thickness). TOF neutron diffraction measurements
were carried out at 25°C using a HIT-II spectrometer'® installed
at the High Energy Accelerator Research Organization (KEK),

Tsukuba, Japan. Scattered neutrons (neutron waveband of 0.1 <
A < 5.5A) were detected by 104 *He counters covering the scat-
tering angle range of 10 <26 < 157°. The data accumulation
time was ca. 11h for each sample. Measurements were made in
advance for an empty cell, background, and a vanadium rod of
8 mm in diameter.

Data Reduction.  Observed scattering intensities for the
sample were corrected for instrumental background, absorption
of sample and cell,'' multiple,'> and incoherent scatterings. The
coherent scattering lengths as well as the scattering and absorption
cross sections for the constituent nuclei were referred to those
tabulated by Sears.!*> The wavelength dependence of the total
cross sections for H and D nuclei was estimated from the observed
total cross sections for H,O and D,0, respectively.14 The correct-
ed intensities were converted to an absolute scale using the cor-
rected scattering intensities from the vanadium rod. The inelastic-
ity correction was applied by the use of the observed self-scatter-
ing intensities from the liquid null-H,0.'

The first-order difference function, Ax(Q),'®!” is derived from
the numerical difference between scattering cross sections ob-
served for two solutions that are identical except for the scattering
length of the nucleus X. The Ax(Q) can be written as a linear
combination of partial structure factors, ax;j(Q), involving contri-
butions from the X—j pair:

Ax(Q) = Alaxo(Q) — 1] + Blaxp(Q) — 11 + Claxc(Q) — 1]
+ Dlaxn(Q) — 1] + Elaxn, (Q) — 1]
+ Flaxn,, (Q) — 1] + Glaxi(Q) — 1], (D

where X = N, Li, Hy, and Hyy. Since the observed Ax(Q) from
64 sets of forward angle detectors at 10 < 260 < 51° agree well
within the statistical uncertainties, they were combined at the Q-
interval of 0.1 A=" and used for subsequent analyses. Coefficients
A-G in Eq. 1 are evaluated respectively for An(Q) (sample I-
sample II), Ar;i(Q) (sample III-sample I), Ay, (Q) (sample IV—
sample I), and Ay, (Q) (sample V-sample I), which are scaled
at the stoichiometric unit, [C*H3;C*H(*ND,)COO*Li],(D,0);_,,
as follows:
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Table 3. Values of the Coefficients of a;(Q) in Eq. 1

Difference

function A/barns B/barns C/barns D/barns E/barns F /barns G /barns
AN(OQ) 0.0705 0.1371 0.0369 0.0147 —0.0208 —0.0069 —0.0041
AL(Q) 0.0987 0.1921 0.0517 0.0243 —0.0291 —0.0097 —0.0006
Any(Q) 0.7545 1.4678 0.3954 0.1856 0.0810 —0.0742 —0.0440
An,, (Q) 0.2515 0.4893 0.1318 0.0619 —0.0742 0.0090 —0.0147
= 4N — Dis = Uy — Dis 08 ' ! ! N ! T —
A =201+ 0)(buy = bundbo, B = dxlbu = bux)bo. os b [CHGCH(*ND2)COO7Lilo 18(D20)0 82 |
C = 65 (buy — bisy)be, D = X2 (buy® — bisy?), <) Y ) _ ~a(+0.4)
E = 6x2(buy — bis)biys F = 2x*(buy — bisy)by,, . and 3 T
03\ b(+0.2
G = 2:%(buy — bis)bii, for Ax(Q), S ozl - b(+0.2)
2 02
<
A = 2x(1 + x)(be; — br)bo, B = 4x(bs; — by )bp, ..
C = 6x%(bsy; — bry)be, D = 2x(bey; — biy)bx, &) ]
E = 6x%(bay; — buyy)buy,. F = 22%(boy; — bry)by,,» and g |
<
G = x*(bsy;” — bry;), for ALi(Q), - 1
% <o, (1(-0.4)
A= 6x(1 + )C)(bDM — bHM )b(), B = 12)C(bDM — bHM)st 0.5 L . I L | A L i
0 4 [
C— 18;2(191);[ _ bHMz)sz D= gxz(bDM — b, )b, 2 8 01/01&_1 12 14 16 18 20
E = 9x%(bp,> — by, ), F = 6x*(bp,, — by, )by,,, and , . .
% (bo,, ") % (bo, )by, an Fig. 1. a) Observed difference function, Ax(Q), for aque-

G = 6x*(bp,, — b, )bLi, for An,(Q),
and
A = 2x(1 + x)(bp,, — bu,,)bo, B = 4x(bp,, — bu,, )bp,
C = 6x*(bp,, — bu,)bc, D = 2x*(bp,, — by, )bx,
E = 6x*(bp,, — buy,), F = x*(bp,,> — by, %), and
G = 2 (bp,, — by )bLi, for Ay, (Q).
Numerical values A—G for the respective difference functions are

listed in Table 3. The distribution function, Gx(r), is deduced
from the Fourier transform of Ax(Q):

Gx(N=14+A+B+C+D+E+F+G)'@r’pr!
Ormax

X QAx(Q) sin(Qr)dQ
Onmin

= [Agxo(r) + Bgxp(r) + Cgxc(r) + Dgxn(r)
+ Egxny, (1) + Fgxn,, (r) + Ggxvi(r)]
x(A+B+C+D+E+F+G)". ®)

The upper limit of the integral, Qnax, Was set to be 20 A~!in the
present study.

Structural parameters concerning the coordination shell of the
X atom were obtained through the least squares fitting procedure
applying the following model function:'8-20

Axmae (Q) = Y 2exnxaba(bx — bx) exp(—lxa”0%/2)
x sin(Qrxa)/(Qrxa) + 47Tp(A + B+ C
+ D+ E+F + G)exp(—lpx>0?/2)
x [Qrox cos(Qrox) — sin(Qrox)1Q ™, 3)

where cx and ny, are the number of X atoms in the stoichiometric
unit and the coordination number of & atoms around the X atom,
respectively. Parameters Ix, and rx, denote the root-mean-square
amplitude and internuclear distance of the X—« pair, respectively.
The long-range parameter, rox, means the distance beyond which
the continuous distribution of atoms around the X atom can be as-
sumed. The parameter, /yx, describes the sharpness of the boundary

ous 18mol % lithium alaninate heavy water solutions
(dots). Smoothed An(Q), which is used for the Fourier
transform (solid line). b) Observed An(Q) (dots), and
the intramolecular interference term within the alaninate
ion, IN"™"(Q) (solid line). ¢) Intermolecular difference
function, AN™°"(Q) (dots). The best-fit of the calculated
AN™%N(Q) is shown by the solid line. d) The residual
function, §(Q) (dots).

at rox. Structural parameters nxy, Ixe> 'xas lox, and rox, are
determined from the least squares fit to the observed Ax(Q). The
fitting procedure was performed in the range of 0.6 < Q <20
A=1(0.3 < Q < 12A~" in the case of AN(Q)) with the SALS pro-
gram,?! assuming that the statistical uncertainties distribute uni-
formly. Prior to the fitting analysis, correction for the low-frequen-
cy systematic error involved in the observed Ax(Q) was adopted.??

In the present analysis for AN(Q), Ap,, (Q), and Ay, (Q), intra-
molecular contribution within the alaninate ion was subtracted
from the observed difference functions. The intramolecular inter-
ference term, Ix""(Q), was estimated by the following equation:

IX™™(Q) =y x ) 2exba(bx — bx)
x exp(—Ixa Q% /2) sin(Qrxa)/(Orxa), )

where ¥ is the normalization factor. Values Ix, and rx, were
referred to those reported in the literature.”>>* The calculated
Ix™?(Q) was then subtracted from the corrected Ax(Q) to deduce
the intermolecular difference function, Ax™"(Q):

Ax™(Q) = Ax(Q) — Ix™™(Q). ®)

The intermolecular distribution function, Gx™(r), was obtained
by a Fourier transform of the Ax™*(Q) using Eq. 2 with the upper
limit of the integral, Qn.x = 20 AL,

Results and Discussion

Hydration Structure around the Amino-Nitrogen Atom.
The observed difference function, Ax(Q), is shown in Fig. la.
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Fig. 2. a) Total distribution function around the amino-

nitrogen atom, G (r), observed for aqueous 18 mol % lithi-
um alaninate solutions. b) Observed intermolecular distri-
bution function, Gx™(r) (thick solid line), and the Fourier
transform of the calculated Ax™%!(Q) (Fig. 1c) is shown
by thin solid line. Short- and long-range contributions are
denoted by broken and dotted lines, respectively.

The partially resolved first diffraction peak at Q =~ 2A~" and
the oscillational feature of the An(Q) extending to the high-
er-Q region are clearly observed. The calculated intramolecu-
lar interference term, Ix™*(Q) (Fig. 1b), was subtracted from
the observed An(Q). The normalization factor, ), determined
by IN"(Q) = ¥ x An(Q) (in the sufficiently high-Q region)
was obtained to be ¥ =0.99 £0.01 from the least squares
fit in the range of 6 < Q <20 A~!. The result implies that
the present data correction and normalization procedures have
been adequately carried out; the overall normalization error
in the present An(Q) is roughly estimated to be ca. 1%. The
intermolecular difference function, AxN™"(Q) (Fig. Ic), is
characterized by the first peak at Q ~ 2 A~! with a shoulder
in the lower-Q side.

The total and intermolecular distribution functions, Gn(r)
and Gn™"(r), are represented in Figs. 2a and 2b, respectively.
A dominant first peak at r & 1.0 A in the total Gn(r) is assigned
to the intramolecular N-D interaction within the alaninate ion.
The second peak at = 1.5 A is attributable to the intramolec-
ular N-C, (Cy: a-carbon atom) interaction. The sum of inter-
actions from intramolecular N--Cy; and N--Cqo (Cy: methyl-
carbon, Cp: carboxyl-carbon atoms, respectively) pairs can
be seen as the third peak at r ~ 2.4 A. The Fourier transform
of the AN™"(Q), GN™(r), is represented in Fig. 2b. The
GN™"(r) is characterized by a well-resolved first peak at r &~
2.0 A and partially resolved peak at r 2 3.3 A. In the prelimi-
nary analysis, the area of the first peak was found to correspond
to ca. one deuterium atom. Assuming that the nitrogen atom
of the alaninate ion forms a hydrogen bond of the N--Dy—
OwDwx> type, which has been observed in the aqueous 2 mol %
glycine solutions in alkaline condition,” the oxygen atom of
the nearest neighbor D,O molecule is expected to be located
at r ~ 3 A. In fact, the position of the second peak in the present
GN™er(r) roughly corresponds to this distance. The N--Dyy, in-
teraction should be involved in the second peak at the Gx™"(r).
In order to reproduce the second peak of the present Gn™"(r),
it was found to be necessary to take into account the contribu-
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tion from another type of hydrogen bond, N-D--OD,. There-
fore, we concluded that the first hydration shell of the amino
group in the present solution consists of two different kinds
of hydrogen bonds, i.e., I) one of the deuterium atoms of the
D,0 molecule is directly hydrogen-bonded to the amino-nitro-
gen atom. II) The oxygen atom of the other D,O molecule is
hydrogen-bonded to the amino-hydrogen atoms. These struc-
tural features are very similar to those reported for aqueous
alkaline 2mol % glycine solutions.”> An additional indication
of further structure can be recognized as the more broadened
third and fourth peaks located at r ~ 4 and 5.5 A.

In order to obtain the structural parameters concerning the
hydration around the amino group, the least squares fitting
analysis was applied to the observed Ax™"(Q). The following
assumptions were employed in evaluating the theoretical inter-
ference term. a) For the nearest neighbor N--Dy;—OwDyy» in-
teraction, parameters rnpy, » INDy, » INDy,, » and the bond angle o
(=LN--Dw;—Ow) were treated as independent parameters. The
molecular geometry of D,O was fixed to that reported for pure
liquid D,0 (rop = 0.983 A, rpp = 1.55 A).22 Parameters Ino,,
and rno,, were allowed to vary independently, while nyo,, and
nNDy, Were fixed to the value of nnp,,, in the fitting procedure.
The dihedral angle between the plane involving N--Dy;—Ow
atoms and molecular plane of the D,0, B, was also treated
as an independent parameter. b) Structural parameters for the
second nearest neighbor N--D,O interaction, rNo, Nos 7NO»
rND, and Inp, were refined independently, while the coordina-
tion number, nyp, was fixed to the value of 2ny¢. ¢) Contribu-
tions from the third and fourth nearest neighbor N--D,0 inter-
actions were taken into account in the present model function
in which each contribution was treated as a single interaction
with the coherent scattering length in Eq. 3, by, being 2bp +
bo. d) The long-range parameters ry and [y were refined inde-
pendently. The fitting procedure was carried out using the
SALS program,?' assuming that the statistical uncertainties
distribute uniformly over the whole Q-range employed.

The best-fit result is compared with the observed Ax'""(Q)
in Fig. 1c. A satisfactory agreement is obtained between the
observed and calculated An™(Q). The observed and calcu-
lated GN'™"(r) (Fig. 2b) also agree well with each other. The
final results of all independent parameters are summarized in
Table 4. The present value of the nearest neighbor N--Dyy; in-
teraction, rnp,,, = 2.00(1) A and nNDy, = 0.97(1), are in good
agreement with those reported for the aqueous alkaline glycine
solutions (rnpy, = 1.97(3)10X and nnpy, = 1.14(3)),% indicat-
ing the formation of a hydrogen bond of N--Dy;—OwDw» type.
The present value of the N--Dyw;—Ow angle, o = 165(10)°,
implies that an almost linear hydrogen bond is present between
the nitrogen atom and the nearest neighbor D,O molecule. The
N--O and N--D distances for the second nearest neighbor N--
DO interaction are determined to be 2.95(5) and 3.35(5) A,
respectively. These values are in good agreement with those
observed in the aqueous alkaline glycine solutions in which
the amino group exists as the neutral form (-ND,).?® On the
other hand, the present ryo value for the N--D,O(II) interaction
is slightly larger than that reported for an aqueous 3 mol % ala-
nine solution (ryo = 2.88(2) A),g that for an aqueous 5 mol %
glycine solution (rno = 2.85(5) A),% and that for an aqueous
2mol % glycine solution in acidic condition (rno = 2.90(2)
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Table 4. Results of the Least Squares Refinement for Ax™*"(Q) Observed for Aqueous
18 mol % Lithium Alaninate Solutions in D,O*
Interaction i~] ri/ A L/ A 1
N--D,0 (I) N--Dw 2.00(1) 0.13(2) 0.97(1)
N--Oy _ 0.14(2) 0.97)®
N--Dyws — 0.14(2) (0.97)®
o = 165(10)°9 B = 10(5)°9
N--D,O (II) N--O 2.95(5) 0.20(5) 1.4(1)
N--D 3.35(5) 0.20(4) (2.8)9
N--D,O (IIT) N--D,O 4.00(5) 0.48(1) 5.3(7)
N--D,0 (IV) N--D,0 5.25(1) 0.72(1) 1.1(1)
ro/A Io/A
Long-range N-.XD 4.64(9) 0.46(8)
a) Estimated standard deviations are given in parentheses. b) Fixed at the value
NN-Dy,- ¢) Bond angle /N--Dyw;—Ow. d) Dihedral angle between plane involving
N--Dw;—Ow atoms and molecular plane of D,0. e) Fixed at the value 2nno. f) X:
N, O, C, Li, H, and D.
0.15 ‘ . : : ; . ; : . 25 ; : ; ; ‘ ; ;
01f [CH3CH(14ND2)COO*Li]o.18(D20)0.82 [CH3CH(14ND2)COO*Lilo.18(D20)0.82
0.05 -
’O; .
= 0Ff
<
0.05
01+
A-o.15 - . _b(-_o_.z):
% 02k m
-0.25 ‘ : : L : : 0.5 . : : : . i
0 2 4 6 8 10 12 14 16 18 20 6 1 2 3 4 5 8 7 8 9 10
QA1 riA
Fig. 3. a) Observed difference function, Ar;(Q), for aque- Fig. 4. Observed distribution function, Gy;(r), around Li™

ous 18 mol % lithium alaninate heavy water solutions
(dots). The best-fit of calculated interference term (solid
line). b) The residual function (dots).

A),?" in which the amino groups of the amino acid molecules
have the cationic form (-ND3™). The tilt angle 0 between
the N--O axis and the molecular plane of the second nearest
neighbor D,O molecule is estimated to be 64(11)°.
Hydration Structure of the Lithium Ion. The observed
difference function, Ay;(Q), and the corresponding distribution
function around Li*, Gp;(r), are shown in Figs. 3 and 4, re-
spectively. The interference feature of the present Ap;(Q) looks
very similar to that reported for aqueous LiCl,>#-30 LiBr,3!3
DCOOLI,* and C¢DsCOOLi* solutions. The present Gi;(r)
exhibits a common feature compared with that observed for
aqueous solutions involving Li*,?%3* such as well-resolved
Li*—0 and Li*—D peaks located at r ~ 2.0 and 2.6 A, respec-
tively. This reflects the stable orientational correlation between
Li™ and the water molecules in the first hydration shell. The
number of oxygen atoms around Li*, npjo, was estimated to
be 2.4 from the area under the first peak of the present
G1;i(r). However, the coordination number, np;p, evaluated
from the second peak was found to be much larger than the
expected value, 2nyio. This implies that the contribution from

(dots), and the Fourier transform of calculated Ap;™%(Q)
(solid line). Short- and long-range contributions are denot-
ed by broken and dotted lines, respectively.

the nearest neighbor Li*--alaninate interaction is involved in
the second peak of the present Gy;(r).

In order to obtain more detailed structural information con-
cerning the local structure around Li™, the least squares fitting
analysis was adopted for the observed Ap;(Q). Contributions
from the nearest neighbor LiT--D,0, Li"--alaninate ion, and
long-range interactions were taken into account in evaluating
the model function. The following assumptions were adopted:
a) Parameters for internuclear distances, r ;o and ryp, and
their root-mean-square amplitudes, /1o and [y ;p, for the first
hydration shell were refined independently. b) The coordina-
tion number, nyjo, for the first hydration shell was treated as
an independent parameter, while the value of npip was fixed
at 2njo. ¢) For the Lit --alaninate interaction, the internuclear
distance, 1o, its r.m.s amplitude, /i jo., and the coordination
number, ng;o., were refined independently. The bond angle ¢
(=LLi*--Oc-C) and the dihedral angle 8 between the plane
involving LiT--Oc—C atoms and that involved in the carboxyl
group (COO™) of the alaninate ion, were treated as independ-
ent parameters. d) The r.m.s. amplitudes, [ jj, for the non-bond-
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Table 5. Results of the Least Squares Refinement for Ay;(Q) Observed for Aqueous 18 mol % Lithium

Alaninate Solutions in D,0%

Interaction i ri/A Li/A 1ij
Lit-D,0 Lit-O 1.97(1) 0.103(1) 2.42(5)
Lit-D 2.62(2) 0.19(1) (4.84)»
Li* -alaninate Lit-O¢® 2.38(1) 0.15(2) 2.3(2)
o =101(1)°9 B =74(1)® I =0.27(1) AP
ro/A lo/A
Long-range Lit..X® 3.93(2) 0.57(2)

a) Estimated standard deviations are given in parentheses. b) Fixed at the value np;o. c) Carboxyl-
oxygen atom within the alaninate ion. d) Bond angle /Li*-Oc—C. ) Dihedral angle between plane
involving carboxyl group within the alaninate ion and plane involving Li*-Oc—C atoms. f) The
r.m.s. parameter for non-bonding interactions in the Li'--alaninate complex. See text for detail.

g) X: N, O, C, Li, H, and D.

[C*H3CH(14ND2)COQ7Lilo.18(D20)0.82 -

a(+2) |

Aan™eNQ) AHm(Q)  AH(Q)

5 (Q)

2 4 6 8 10 12 14 18 18 20

QA

Fig. 5. a) Observed difference function, Ay, (Q), for aque-
ous 18mol % lithium alaninate heavy water solutions
(dots). Smoothed Apg,,(Q), which is used for the Fourier
transform (solid line). b) Observed Ap,(Q) (dots), and
the intramolecular interference term within the alaninate
ion, IHMi“‘“‘(Q) (solid line). ¢) Intermolecular difference
function, AHMi"‘er(Q) (dots). The best-fit of the calculated
An,™%!(Q) is shown by the solid line. d) The residual
function, §(Q) (dots).

ing interaction within the Li*--alaninate complex were ap-
proximated by the following equation:'8

Lij = luio.™ % (riij/ruio)'? (6)

where lLiOC* = lLio. + I*. In the present analysis, the r.m.s.
amplitude was modified by an additional parameter, I*, to im-
prove the fit in the lower-Q region below Q < 4R ¢) Pa-
rameters ry and [y for the continuous long-range random distri-
bution of atoms were refined independently.

The best-fit result is compared in Fig. 3. A satisfactory
agreement is obtained in the range of 0.6 < Q < 20A-1,
The final results of the least squares fit are summarized in
Table 5. The present values of rjo and rjp for the nearest
neighbor Lit--D,O interaction are in reasonable agreement
with those reported in various aqueous solutions.?33* Howev-
er, the present value of npjo (=2.42(5)) is much smaller than
the value 4-6 found for more dilute aqueous LiC1?%3 and
LiBr’!3? solutions in which Li* does not form contact ion
pairs. The fact confirms that the first hydration shell of Lit

45 [C*H3CH(14ND2)CO07Lilo.18(D20)0.82 |

Grm(7)

=
5
c
=
I
0]
0.5 ; : ' : : ‘
1 2 3 4 5 6 7 8 9 10
riA
Fig. 6. a) Total distribution function around the methyl-

hydrogen atom, Gy, (r), observed for aqueous 18 mol %
lithium alaninate solutions. b) Observed intermolecular
distribution function, GHMi“‘”(r) (Thick solid line), and
the Fourier transform of the calculated AHMm"de'(Q)
(Fig. 5¢) is shown by thin solid line. Short- and long-
range contributions are denoted by broken and dotted
lines, respectively.

involves the alaninate ion in the present solution. The intermo-
lecular distance, riio., and the coordination number, 7y ;o,., for
the nearest neighbor Li™--Oc interaction are determined to be
2.38(1) A and 2.3(2), respectively. The present value of 7o, is
considerably smaller than that found in an aqueous 12 mol %
DCOOLi solution (rjo. = 2.63(3)A),33 while the nearest
neighbor coordination number, nyo., in the present solutions
is twice as large as that reported for the DCOOLI solution
(nLio. = 1.2( 1)).33 Present values of the LiT+O¢—C bond an-
gle, &, and the dihedral angle, B, indicate that the configura-
tion of one of the carboxyl-oxygen atoms of the alaninate
ion faces towards Li*. The first coordination shell of the Li™
is found to consist of ca. 2.4 D,O molecules and ca. 2.3 alani-
nate ions in the present solution.

Hydration Structure around the Methyl-Hydrogen
Atom. The observed Ay, (Q) shown in Fig. 5a exhibits the
first diffraction peak at Q ~ 2 A=, followed by a shoulder ap-
pearing at the lower-Q side and an oscillatory feature extend-
ing to the higher-Q region. The distribution function around
the methyl-hydrogen atom, Gp,,(r), is described in Fig. 6a.
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Table 6. Results of the Least Squares Refinement for Ay, M"(Q) Observed for Aqueous
18 mol % Lithium Alaninate Solutions in D,O*

Interaction iw] ri/ A Li/A 1

Hy-D>0 (D) Hy D50 3.12(1) 0.26(1) 0.62(1)

Hy~D,0 (II) Hy~D>0 3.70(1) 0.27(1) 0.51(1)

Hy~D,0 (IID) Hy~D,0 4.34(3) 0.54(1) 2.1(2)

Hy~D>0 (IV) Hy~D>0 5.65(4) 0.65(4) 0.7(1)
ro/A lo/A

Long-range Hy XY 5.01(7) 0.6(1)

a) Estimated standard deviations are given in parentheses. b) X: N, O, C, Li, H, and D.

The dominant first peak at r ~ 1.1 A is assigned to the intra-
molecular C-D bond of the methyl group in the alaninate
ion. Intramolecular non-bonding interactions may be involved
in the second and the third peaks at r ~ 1.8 and 2.2 A.

In order to confirm the reliability of the present Ay, (Q), the
normalization factor, ), was estimated by applying the same
procedure as that adopted for the observed Anx(Q). The value
obtained (y = 0.98 £ 0.01) indicates that the overall normali-
zation error in the present Ap, (Q) is estimated within ca.
2%. The calculated intramolecular contribution, IHMi""“(Q)
(Fig. 5b), was then subtracted from the observed Ap,, (Q) to
obtain the intermolecular difference function as shown in
Fig. 5c. The intermolecular distribution function, GHM““er(r)
(Fig. 6b), around the methyl-hydrogen atom looks rather fea-
tureless, which suggests very weak interactions between the
methyl-hydrogen atom and neighboring water molecules.
However, an indication of the first hydration shell can be seen
as a slightly resolved peak located at r =~ 3 A.

A quantitative analysis of the observed Ag,, inter( ) was car-
ried out by applying the least squares refinement using the
model function as described in Eq. 3. It is difficult to make
an unambiguous assignment of the peak observed in the pres-
ent GHMimer(r), because contributions from both Hy;--Ow and
Hy~Dw interactions are involved in the GHMi“‘er(r). In the
present analysis, contributions from the first, second, and third
hydration shells were taken into account, and each contribution
was treated as a single interaction with the coherent scattering
length in Eq. 3, by, being 2bp + bg. The fitting procedure was
performed by using the SALS program?! in the range of 0.6 <
0 <20A".

The results of the least squares fit for the observed
An, ™ (Q) is represented in Fig. 5c. A satisfactory agreement
is obtained between the observed and calculated Ap,, inter( ) in
the whole Q-range. The final values of all independent param-
eters are summarized in Table 6. The present nearest neighbor
Hy~D,0 distance (3.12(1) A) is considerably longer than that
of the nearest neighbor Hy--Ow interaction reported for an
aqueous 3 mol % alanine solution (2.58(1)A).? On the other
hand, the present Hy--D,O distance is in reasonable agree-
ment with the nearest neighbor Hy;--Dy distance (2.99(2) A)
found in the aqueous 3 mol % alanine solution.’ Since the con-
tribution from the Hy;-~Dw partial structure factor is twice as
large as that from the Hy;-~Ow one in the present experimental
condition, GHMi"ter(r) is dominated by the Hy;-~ Dy interaction.
In order to obtain more detailed information on the orientation-

1.6

1.4[—

12+

[CH3C*H(1#ND2)COO0Lilo.18(D20)o.82 |
a(

+1

0.8 -
06|
04,
02~ -

02}
0.4
_0_6 L

08 . . d (_1) ]

Q) Aan™eYQ) A (Q) AHm(Q)

1 T

42 . . . ‘ . ‘ , .

0 2 4 6 8 10 12 14 18 18 20
Q/A

Fig. 7. a) Observed difference function, Ay,, (Q), for aque-
ous 18mol% lithium alaninate heavy water solutions
(dots). Smoothed Ap,, (Q), which is used for the Fourier
transform (solid line). b) Observed Ap,, (Q) (dots), and
the intramolecular interference term within the alaninate
ion, Iy, inra 9y (solid line). ¢) Intermolecular difference
function, Ay,, inter( 9 (dots). The best-fit of the calculated
Ap,,™%(Q) is shown by the solid line. d) The residual
function, 6(Q) (dots).

al correlation of water molecules in the first hydration shell of
the methyl-hydrogen atom, it is necessary to derive the partial
distribution functions, gy, 0, (+) and gy, p,, (r). This requires
additional neutron diffraction measurements for sample solu-
tions in which the H/D composition of the solvent molecule
is changed.

Hydration Structure around the Methine-Hydrogen
Atom. The observed difference function, Ay, (Q), and corre-
sponding distribution function around the methine-hydrogen
atom of the alaninate ion, Gy, (), are shown in Figs. 7a and
8a, respectively. The present Ay, (Q) is characterized by the
first peak located at Q &~ 1.3 A=, followed by an oscillatory
feature extending to the higher-Q region. The dominant first
peak at r ~ 1.1 A is ascribed to the intramolecular Hyy -Cq
interaction. The sum of the contributions from Hyy - Cyg, Hyy
Co, and Hyy N intermolecular non-bonding interactions ap-
pears as the second peak located at r ~ 2.1 A in the present
Gn,, (). The reliability of the present Ag,, (Q) was confirmed
by estimating the normalization factor, ), by applying the least
squares fit of the intramolecular interference term Iy, intra( )
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to the observed Ap,, (Q) in the range of 6 < Q < 20 A~ The
obtained value y = 0.98(1) implies that the present data cor-
rection and normalization procedures have been adequately
carried out; the overall normalization uncertainty in the present
Ap,, (Q) is roughly estimated to be within 2%. The calculated
Iy, ntra ) was then subtracted from the observed Ay, (Q) to
obtain the intermolecular difference function, Ay, inter ), as
shown in Fig. 7c. The corresponding distribution function
around the methine-hydrogen atom, Gy, ™" (r), is represented
in Fig. 8b. The partially resolved peak located at r & 3 A in the
present Gy, iner(;) indicates that a weak hydration shell is
present. An indication of the structural feature is observed as
a broadened peak at r ~ 5.5 A.

In order to obtain the structural parameters concerning
the hydration of the methine-hydrogen atom, the least squares
fitting analysis was applied to the observed Ay, ™(Q). In
the present analysis, the short-range Hyy -~D,O interaction was
approximated as a single interaction with the value of b, in
Eq. 3 being 2bp + bo. It has been found that at least four
short-range interactions are necessary to reproduce the ob-
served Ap,, inier(9). Contributions from the long-range random
distribution of atoms are taken into account. The best-fit result

55 : , — :
5 [CH3C*H(14ND2)CO07Lio.18(D20)0.82
45
4 F
35 |
< 3
2 25
o
2
1.5
S
P?. 1
£
= 05
& ©
05 . . ‘ . . . . .
1 2 3 4 5 6 7 8 9 10
r/A
Fig. 8. a) Total distribution function around the methine-

hydrogen atom, Gy, (r), observed for aqueous 18 mol %
lithium alaninate solutions. b) Observed intermolecular
distribution function, Gg,, inter () (Thick solid line), and
the Fourier transform of the calculated AHM,m"de'(Q)
(Fig. 7¢) is shown by thin solid line. Short- and long-
range contributions are denoted by broken and dotted
lines, respectively.
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is compared with the observed Ap,, iner(0) in Fig. 7c. The
agreement between the observed and calculated Ay, inter(0) is
satisfactory. The observed and calculated Gy,, iner ) (Fig. 8b)
also agree well with each other. The final results of the least
squares fit are summarized in Table 7. The present value of
the average Hyy--D,O distance, 2.87(3)&, is larger than the
sum of the van der Waals radius of the hydrogen atom and
the effective radius of the water molecule (1.2 + 1.4 = 2.6 A),
suggesting a very weak interaction between the methine-
hydrogen atom and D,O molecule in the first hydration shell.
The number of water molecules within the first hydration shell
of the methine-hydrogen atom is obtained to be 0.86(9).

In conclusion, information on the environmental structure
around the amino-nitrogen, the methyl-hydrogen, and the
methine-hydrogen atoms within the alaninate ion, and the co-
ordination structure of the lithium ion in highly concentrated
aqueous solution has been obtained. In the present solution,
each Lit* is surrounded by on the average ca. 2 water mole-
cules and ca. 2 alaninate ions. The number of water molecules
neighboring the alaninate ion is roughly estimated by the sum
of the number of water molecules within the first hydration
shell of the amino- (0.97 + 1.4), the methyl- (0.62 x 3), the
methine- (0.86), and the carboxyl-group (unknown value, 1—
2 in reasonable estimation), which corresponds to 6—7 water
molecules; the value is considerably smaller than that obtained
for the zwitterionic alanine molecule in more diluted aqueous
solution (8-9).% Considering that ca. 2 water molecules are in
the first coordination shell of Li™, the total number of water
molecules within the first coordination shell of both Li* and
alaninate ion is approximately calculated to be 8-9, which is
twice as large as the number of water molecules per one lithi-
um alaninate. This implies that each water molecule is shared
by on average two Li™ or alaninate ions in the present highly
concentrated solution.
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Table 7. Results of the Least Squares Refinement for AHM,imer (Q) Observed for Aqueous
18 mol % Lithium Alaninate Solutions in D,O*

Interaction ij ri/A Li/A 1ij

Hyy ~D>0 (1) Hyy D>0 2.87(3) 0.233(1) 0.86(9)

Hyy ~D,0O (II) Hyy D0 3.45(3) 0.28(2) 1.72(4)

Hyy D,0O (I1I) Hyy -D,0 4.26(4) 0.49(1) 5.0(4)

Hyp ~D,0 (IV) Hyy D20 5.65(4) 0.65(4) 0.7(1)
ro/A lo/A

Long-range Hyy X 5.01(7) 0.6(1)

a) Estimated standard deviations are given in parentheses. b) X: N, O, C, Li, H, and D.
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