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The reduced partition function ratio for lithium ions in an aqueous solution is derived from the extrapolation
of the values of the reduced partition function ratig)(of hydrated lithium ion clusters [Li(kD).] " up to

n = 6. In [Li(H0)\]" clusters, thef values can be calculated from the normal vibration frequencies
according to Bigeleisen and Mayer’s theory. To obtain the valuef;,othe normal vibration frequency
calculations were carried out for optimized structures of [k (n = 1—-6) using the RHF/6-31G(d),
RHF/6-31+G(d,p), RHF/6-311+G(d) and MP2/6-31G(d) methods by means of the ab initio molecular
orbital method. All of those structures having high symmetry were confirmed to have real harmonic frequencies
at the RHF/6-3%G(d) and RHF/6-31+G(d,p) levels. For the two RHF methods, the valud pincreases

to about 1.07 with an increase of the hydration numbhemnd reaches maximum at= 4. In the most stable
isomers of [Li(HO),]" clusters forn = 5 and 6, respectively, the first hydration shell is saturated with the
four water molecules, and the size dependence of thealues converges far > 4. The converged value

1.07 can, therefore, be regarded as the reduced partition function ratio for lithium ions in aqueous solution,
and gives the upper limit of the isotopic separation factor in an aqueous setettchanger system.

Introduction wherefjaq andfiiexch are the partition function ratios of the
lithium species in phases of an aqueous solution and an
changer, respectively, angl/§®),qand €/5%ecnare the ratios

the symmetry numbers of the lithium isotopes in the two
phases. In the present case, these ratios are equal to unity since
the lithium atom is located at the center of the symmetry axis
of the molecules. MoreovelS can be given using reduced
partition function ratios:

The lithium element has two stable naturally occurring
isotopes whose mass numbers are 6 and 7. They can be expecte‘?f
to have large isotopic fractionations because of their large 0
difference in relative masses. Moreover, the study of lithium
isotopic fractionation is important, not only for industrial nuclear
science, but also for fundamental material and geological
science. The lithium isotopic fractionations through chemical
exchanges between the two phases have been studied in various ;
systems such as lithium amalgam, lithium metal, organic, and g— _ tad 3)
inorganic ion exchangers, macrocyclic polyether, and mem-
branes-—8 The highest isotopic fractionation ability was obtained
n th‘? lithium isotopic exchange reaction between an aqueous, o ref Liag @ndf |; ..., are the reduced partition function ratios
fsaoéltjct)'ro\?vapshisoegand an amalgam phase, where the separatiol¢ e |ithium spebies in phases of an aqueous solution and an

The lithium isotopi h tion bet exchanger, respectively.
e lithium Isotopic exchange reaction between an aqueous g isotopic effect does not appear in the classical expression.

solution phase (aq) and an exchanger phase (exch) can be Writterl’h guantum mechanics, a partition function can be written as a
as product of translational, rotational, and vibrational partition
s functions in the first approximation. The reduced partition

6Li;q + Ll = 7Li:q+ oLt . 1) function ratio {") is f ' = fqu/fa, Wherefgm andf is the partition

function ratios calculated using the quantum-mechanical expres-

where the value ofS, called the separation factor, is the sion and classical expression, respectively. The translational

equilibrium constant of the isotopic exchange reaction shown partition function is equal to the classical one at all temperatures.
in eq 1. The value oBcan be expressed using partition function The rotational partition function in all cases except hydrogen

P
Li,exch

ratios as follows10 is classical at room temperature. Thus, the isotopic effect arises
mainly from the difference between the vibration energies of
[7Li+/6|_i+] (57/56) " the lithium isotopic species. The valuefdfcan be experimen-
= = aq Liaq tally calculated with a Raman active spectrum using a rough
T e T 6 @) y ca : SPeEC 9 9
['Li"PLi Texen (878 exerfLiexch approximate formula derived by Bigeleisen and Maler.

However, it has proven very difficult to experimentally estimate
; e .
*To whom correspondence should be addressed. E-mail: kano@sniri.go.jp.& reasonablé; ., value for the lithium ion in diluted solution,

E-mail: 0oi@sniri.go.jp. although Raman spectroscopy for hydrated lithium ions has been
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Figure 1. Optimized structures of [Li(kD)s] " for n = 1—6 calculated at the RHF/6-31G(d) and RHF/6-3++G(d,p) levels. Their point groups
are given in parentheses. Geometrical parameters are given in Table 1. For structuresboénd 6, the relative energy differences (kJ/mol)
between isomers are also given under each structure calculated at the RH&Z{E3 level.

extensively studied by several authéts!* Raman active Bigeleisen and Mayer's approximate forméfaFinally, the
spectrum data obtained so far do not inspire confidence becausealue of f|;,, was estimated from the trend of the size
these measurements vary largely in the literature, with values dependence on the values fdffor [Li(H ;0),]* clusters =
changing greatly depending on the concentration of the solution 1—6). Furthermore, when the lithium atom was symmetrically
and the kind of counteranion. Even in diluted solution, the surrounded byn identical oxygen atoms or water molecules,
obtained spectra vary widely depending on counteranions of the reduced partition function ratios of [Li¢B),]* clusters
various lithium salts (for example, LiCl or LiBr), whose (n=2-6) could be approximately evaluated from only a totally
influence cannot be completely removed. symmetric stretching frequency for a central lithium atom by
A computer simulation is a powerful method to estimate the Bigeleisen and Mayer's rough approximate formtflayhose
value off; ,, in the diluted solution. Recent developments in validity was confirmed.
computer chemistry enable us to simulate the stable structure
of hydrated lithium ions and their vibration analysis. The static Theoretical Basis
and dynamic structures of hydrated lithium ions have been
extensively studied with Monte Carlo (MC), molecular dynamics b
(MD), and the ab initio molecular orbital (MO) methots2!
The isotopic effect can easily be investigated with normal
frequency analysis, which is carried out by means of the ab '
initio MO method. f SLivy  OLj
In the present paper, we tried to estimate the valufe[% Quip TTiu;
using the ab initio MO calculation. At first, structures of
[Li(H 20)]* clusters up tan = 6 were fully optimized, and the  where the Bora-Oppenheimer approximation, classical ap-
normal vibration analysis was carried out at the optimized proximations for translational and rotational motions, and the
geometry. Next, the values &f, for [Li(H 20),] " clusters = harmonic oscillator approximation are used. Th@g,- and
1-6) were calculated from differences between the obtained Q,i,’" are the vibrational partition functions for the molecules
normal frequencies for each lithium isotopic species using with two isotopes,’Li and Li, respectively. If the explicit

According to the theory of Bigeleisen and May®if," can
e given as follows:

_ Quip Ty - @
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TABLE 1: Optimized Structural Parameters (angstroms)? and Hydration Energies — AE, (kJ/mol), Relative Energy
Differences Ae, (kJ/mol) between Isomers

symbol symmetry levél Riio, Ruo, Riios Row, Row, —A° Ae,
| (1+0) Ca A 1.850 153.6
B 1.849 1515
C 1.839 164.2
D 1.874 153.0
I (2+0) Dag A 1.878 135.4
B 1.875 133.7
C 1.867 144.1
D 1.902 138.1
1l (3+0) D3 A 1.915 102.9
B 1.915 101.1
C 1.902 111.1
D 1.942 107.0
IVa (4+0) S A 1.969 73.7
B 1.969 72.3
C 1.956 79.5
IVb (3+1) C; A 1.901 1.920 2.036 65.1 8.6
B 1.898 1.920 2.061 62.4 9.9
C 1.890 1.904 2.021 69.9 9.7
D 1.913 1.931 1.941 79.1
Va (5+0) C; A 2.007 2.023 2.173 37.0 23.0
B 2.004 2.025 2.192 34.0 23.1
C 1.984 2.005 2.170 41.6 22.7
Vb (4+1) C; A 1.965 1.967 2.041 60.0
B 1.962 1.968 2.067 57.0
C 1.962 1.967 2.076 64.3
D 1.965 1.973 1.950
Vla (6+0) S A 2.150 38.0 40.9
B 2.158 33.7 43.2
D 2.130 27.8
Vib (4+2) Dog A 1.967 2.052 55.9
B 1.965 2.079 53.9
C 1.952 2.041 60.9
D 1.970 1.960
Vic (4+2) Cs A 1.949 1.971 1.980 2.045 2.094 48.9 7.0
B 1.948 1.972 1.977 2.070 2.128 46.5 7.3
C 1.939 1.955 1.963 2.037 2.086 52.8 8.1
D 1.960 1.970 1.988 1.964 1.983 5.4

2 Parameters are shown in Figure?®A: RHF/6-31+G(d).B: RHF/6-3%+G(d,p). C: RHF/6-311+G(d) D: MP2/6-3%G(d). ¢ —AE, =
Eqin 00+ — Eith0pat — Enso. FOr Via, using a total energy of Va fdfy i ,0),,+. For VIb and Vic, using a total energy of Va @i ,0),."-

expression forQui, is substituted in eq 4, the value 6f is TABLE 2: Normal Vibration Frequencies # (cm2) of
calculated as [Li(H 20)4]" with SLi and “Li Using Various Calculation
y T Methods I: n =1, 1+ 0 (Cy), Tvip = 3A; + 2B; + B;
; exp(— u 121 — exp(— u )} method
f=1J, )
j - i A B
exp u 21 — exp- u)} yt — - — -
mode e P ATF e o7 A7e

whereu; (Ui = hy/kT) is calculated from the normal vibration B, 400 399 1 409 408 1
frequencyw;, his Plank’s constank is Boltzmann’s constant, B 526 524 2 505 502 3
andy" anduf- are the values fofLi and SLi, respectively. A1 529 500 29 520 491 29
Thus,f" can be estimated through the calculation of the normal ﬁl éggi %ggi B %ggg éggg
vibrations of molecules with the isotopes. le 3669 3669 _ 3684 3684

Furthermore, when the central isotopic lithium atom of mass _ _
M or M + AM is symmetrically surrounded by identical 2 These various calculation methods are (A) RHF/6-&(d) an_d
oxygen atoms of mass, f' can be approximately calculated (B) RHF/6-3H+G(d,p), scaled by 0.8964 and 0.8841, respectively.

f Bigelei dM , h imate f la sh b Schematic representations of normal vibration modes are shown.
rom bigeleisen and hiayer's rough approximate formula SNOWn ¢/ yes give differences of frequencies for two isotopes.

in eq 6.
was carried out with the RHF/6-315(d), RHF/6-3%+G(d,p),
fleffa=1+ wufn (6) RHF/6-31H1-G(d) and MP2/6-31+G(d) methods of approxima-
24M(M + AM) tion. To confirm the true local minimum, normal frequencies

were evaluated at every optimized structure. The value of the
reduced partition function ratio for each cluster was derived from
the calculated normal frequencies with the RHF/6-&id) and
RHF/6-3H+G(d,p) methods. To discuss the normal frequen-
cies, the scaling factors, 0.8965 and 0.8841 were applied to the
Computational Method values obtained from the RHF/6-83G(d) and RHF/6-3++G-
Geometric structures of [Li(D))]" up ton = 6 were (d,p) methods, respectively. The values of the scaling factors
determined with the ab initio MO method. The optimization were determined with three modes of free water molecules by

whereu; is calculated from the totally symmetric stretching

frequencyv, of the bond between the central atom and the
surrounding atoms, which is usually known from Raman active
spectra.
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0 TABLE 4: Normal Vibration Frequencies 7 (cm™2) of
[Li(H 20)3]" with 8Li and 7Li Using Various Calculation
Methods lll: n =3, 3+ 0 (D3), I'ivx = 4A; + 4A; + 8E

method
2 3 A B
500 (528 e modé ey w | AF B on | AF
491 (520) cm! E 65 64 1 69 68 1
E 83 83 83 83
Aty As 113 107 6 114 108 6
A 173 173 171 171
Ln=1,1+0 Ayl 232 232 227 227
Figure 2. Schematic representations of normal vibration mode having A2 323 323 327 327
a lithium isotopic shift for [Li(HO)]*. The wave numbers (upper line, E 329 329 337 337
calculated by the RHF/6-31G(d) level; lower line, calculated by the E 416 410 6 403 398 5
RHF/6-31-4G(d,p) level), are the data féti (the data foroLi) after Az 465 459 4 452 447 5
scaling each value (0.8964 for the RHF/6433(d) level, 0.8841 for E 561 534 27 545 519 26
the RHF/6-3%G(d) level). The vibration mode represented by the E 1640 1640 1573 1573
internal coordinates is given under the model. 'él ég‘g égig ég;? égg?
TABLE 3: Normal Vibration Frequencies % (cm~1) of A 3623 3623 3635 3635
[Li(H ,0),]* with Li and 7Li Using Various Calculation Az 3704 3704 3718 3718
Methods IIl: n =2, 2+ 0 (Dzg), Lvib = 3A; + B, + E 3705 3705 3718 3718
3B, + 4E a2 These various calculation methods are (A) RHF/6-&(d) and
method (B) RHF/6-3H-+G(d,p), scaled by 0.8964 and 0.8841, respectively.
A B b Schematic representations of normal vibration modes are shown.
¢ Values give differences of frequencies for two isotopgegalues for
mode 8L 1 AV oL v A?° A, show mode for totally symmetric stretching of+O.
E ?g ?g’ 8 gg gi 4 TABLE 5: Normal Vibration Frequencies # (cm™?) of
Aid 251 251 246 246 [Li(H 2O)4]" with 8Li and “Li Using Various Calculation
E 268 367 1 378 377 Methods IVa: n =4, 4+ 0 (), Iiv = 8A + 9B + 8E
E 505 502 3 485 482 3 method
B> 641 601 40 627 588 39 A B
B, 1647 1647 1582 1582
A, 1648 1648 1583 1583 mode Do o ATF LY o AZ*
B, 3604 3604 3617 3617
A1 3607 3607 3619 3619 5 e 21 e o
E 3685 3685 3698 3698 A 48 48 56 56
aThese various calculation methods are (A) RHF/6-8(d) and B 95 95 97 96 1
(B) RHF/6-31+G(d,p), scaled by 0.8964 and 0.8841, respectively. E 127 127 123 123
b Schematic representations of normal vibration modes are shown. A 129 129 128 128
¢Values give differences of frequencies for two isotopd@lues for A 215 215 210 210
A1 show mode for totally symmetric stretching of1®. E 2613; %g g% 3%
3 A 265 265 277 277
N w 5 B 312 312 321 320
O_ a E 338 332 6 331 324 7
-4 0 5 6 B 367 359 8 359 351 8
4 A 389 389 381 381
B, E 505 484 21 493 473 20
601 (641) cm’! B 513 494 19 502 483 19
588 (627) cm! B 1632 1632 1565 1565
E 1633 1633 1566 1566
Ary, - Argy A 1638 1638 1570 1570
E 3632 3632 3644 3644
I.n=2,2+0 B 3632 3632 3644 3644
Figure 3. Schematic representations of normal vibration mode having A 3636 3636 3648 3648
a lithium isotopic shift for [Li(HO),] ™. See the caption description for é 337722% %7722% %77:;% %7733%
Figure 2. B 3723 3723 3736 3736

means of the root mean square methods. The validity of the aThese various calculation methods are (A) RHF/6-8d) and
basis set super position error (BSEEpf the present ap-  (B) RHF/6-34+G(d,p), scaled by 0.8964 and 0.8841, respectively.
proximation was examined in previous wofgs2! The program P Schematic representations of normal vibration modes are shown.

used is a GAUSSIAN 98 package. ¢Values give differences of frequencies for two isotoffégalues for
A show mode for totally symmetric stretching of-+O.

Results and Discussion respectively. Their point groups are also shown under each

Stable Structure of [Li(H20),]*. The optimized structures  structural illustration. The optimized structures were obtained
of [Li(H20)y]* for n = 1—6 are shown in Figure 1 with their  in this work with the RHF/6-33+G(d), RHF/6-33-+G(d,p),
hydration number. At the same time, the number of water RHF/6-31H#G(d), and MP2/6-3+G(d) methods. All of the
molecules in each cluster is denoted,pas- q(p + q = n), structures were confirmed to have real harmonic frequencies at
where p and g are in the first and second hydration shells, the RHF/6-3%G(d) and RHF/6-3%++G(d,p) levels. At the
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A

2
410 (416) cm! 459 (465) cm!
398 (403) cm-! 477 (452) cm!

2A0y,,- 24885 - ABpyg + AByy; - AByss + AOy A8y - AOgy5+ Ay - AByy; + ABpsq - AByye

2A6026 - 2A6027 - AGOSS + AeOBQ - AGOM + Ae015

k> )
534 (561) cm!
519 (545) cm*!

2A6415 - A9627 - Aesa9
Ae(m - A9339

Il.n=3,3+0

Figure 4. Schematic representations of normal vibration modes having lithium isotopic shifts for,Q{H. See the caption description for
Figure 2.

477 (492) cm! 543 (561) cm!
461 (475) cmrt 527 (547) cm!
332(338) cmt 359 (367) cm?
324 (331) cm't 351(359) em!
A8y~ 14840+ Aegao' 14845 Ab5y5- AByp + ABy35- ABy 140
AeT_’O - iA6320+ Ae1140 - iAelZ40 &
A
613 (633) cm!
612 (595) cm!
IVb.n=4,3+1
Figure 6. Schematic representations of normal vibration modes having
B lithium isotopic shifts for [Li(HO)4] ™, IVb (3 + 1). The wave numbers
484 (505) cmt 494 (513) cm*! (upper line, calculated by the RHF/6-8G(d) level; lower line,
473 (493) cm! 483 (502) cmt calculated by the RHF/6-31+G(d,p) level), are the data fdti (the
Arg, + 1Arg, - Ary; - 1At Arg, - Arg, + Args - Arg, data forfLi) after scaling each value (0.8964 for the RHF/6+33(d)
Arg, - iAT, - Arg, + 1AT,, level, 0.8841 for the RHF/6-3#G(d) level).

IVa.n=4,4+90
Figure 5. Schematic representations of normal vibration modes having frequenc_les. At the MP2/6-31G(d) level, furthermore, the
lithium isotopic shifts for [Li(HO):]", IVa (4 + 0). See the caption  Symmetries of [Va (4+ 0) and Vb (5+ 0) structures had to be

description for Figure 2. reduced to obtain real harmonic frequencies; fi&no C; for
IVa (4 + 0) and fromC; to C; for Vb (5 + 0).
RHF/6-31HG(d)level, however, the symmetry of Via (6 0) The optimized structures of [Li(}D),]* for n = 1-3 were

structure had to be reduced frd®to C; to obtain real harmonic  similar to those in previous report$2° In the structuresr( <
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TABLE 6: Normal Vibration Frequencies » (cm™1) of TABLE 7: Normal Vibration Frequencies » (cm™1) of
[Li(H 20)4]" with SLi and 7Li Using Various Calculation [Li(H 20)s] " with SLi and 7Li Using Various Calculation
Methods Vllb: n=4,3+ 1 (Cy), Iiin = 16A + 17B Methods Va: n=5,5+ 0 (Cy), I'in = 21A + 21B
method method
A B A B
mode DGLi 57Li AV° T/GLi D7|_i AD° mode ’7}5Li D7|_i AD° Z?SLi TﬂLi AV°
B 35 35 35 35 A 30 30 31 31
A 41 41 32 32 A 41 40 1 40 40
B 61 61 62 62 B 41 41 48 48
A 113 112 1 108 108 B 54 54 59 59
B 119 119 108 108 1 B 91 90 1 79 77 2
B 145 138 7 141 134 9 A 100 99 1 99 98 1
A 184 184 171 171 B 115 115 112 111 1
B 227 226 1 227 227 A 117 117 112 112
A 228 228 226 226 A 134 134 131 131
A 243 243 238 238 B 168 168 168 168
A 246 246 243 243 B 192 190 2 177 175 2
B 249 249 254 254 1 Ad 202 202 196 196
B 313 313 318 318 A 217 217 210 210
B 397 394 3 394 391 4 B 228 226 2 222 220 2
B 425 418 7 421 415 6 A 233 233 239 239
B 459 455 4 451 447 4 B 248 248 250 250
A 492 477 15 475 461 15 A 248 248 249 249
A 534 533 1 518 517 1 B 269 269 276 276
B 561 543 18 547 527 20 A 293 287 6 287 281 6
B 610 609 1 595 591 4 B 295 293 2 294 292 2
A 633 613 20 612 595 17 B 352 348 4 346 342 4
B 1626 1626 1556 1556 A 356 356 342 342
A 1627 1627 1557 1557 B 384 383 1 376 376
A 1641 1641 1574 1574 A 397 397 390 390
A 1656 1656 1583 1583 A 465 448 17 455 440 15
B 3559 3559 3568 3568 B 466 455 11 450 438 12
A 3574 3574 3582 3582 B 500 476 24 486 463 23
A 3619 3619 3631 3631 B 1616 1616 1546 1546
A 3623 3623 3636 3636 A 1618 1618 1548 1548
B 3704 3704 3716 3716 A 1623 1623 1554 1554
B 3706 3706 3720 3720 B 1625 1625 1555 1555
A 3708 3708 3719 3719 A 1627 1627 1558 1558
B 3708 3708 3722 3722 B 3637 3637 3648 3648
aThese various calculation methods are (A) RHF/6-&d) and ﬁ ggg; gggg gggg gggg
bSchemat_lc re_presentaﬂons of normal V|brat|or_1 modes are shown. 3650 3650 3659 3659
¢Values give differences of frequencies for two isotopes. B 3732 3732 3744 3744
A 3733 3733 3744 3744
3), all the HO molecules are bound directly to*Liwithout B 3733 3733 3746 3746
hydrogen bonds. For the [Li¢®)s]* system, two structures are A 3746 3746 3757 3757
B 3746 3746 3758 3758

obtained: a IVa (4t 0) structure, where four ¥0 molecules
are bound directly to Ui without hydrogen bonds, and a IVb 2 These various calculation methods are (A) RHF/&-81d) and
(3 + 1) structure, where one 2 molecule is bound to  (B) RHF/6-31++G(d,p), scaled by 0.8964 and 0.8841, respectively.
[Li(H 20)3]* by two hydrogen bonds. This IVb (8 1) structure b Schematic representations of normal vibration modes are shown.

. ’ ¢Values give differences of frequencies for two isotop¥alues for

1419

agrees well with that reported by Feller et'& Eor the A show mode for totally symmetric stretching of+O.
[Li(H0)s]* system, a Va (5+ 0) structure, where five D

molecules are bound directly to Liwithout hydrogen bonds,  water molecules to the total energy seems to be too strong in

and a Vb (4+ 1) structure, where ones® molecule is bound  the MP2 method, since the calculated hydrogen bond lengths,

to [Li(H20)4]* by two hydrogen bonds, are obtained. These are around 1.941.98 A are rather shorter than the wellknown

similar to those in previous report$1%21For the [Li(H,0)g] " value (2.7 A)?4In the (n+ 0) isomer typeR_io increases with

system, one structure, Vla (6 0), where all HO molecules the increment of the cluster size R.jo for the IV (4 + 0)

are bound directly to Lfi without hydrogen bonds, and two  structure is 1.969 A at the RHF/6-8G(d) and RHF/6-3++G-

structures; VIb (4+ 2) and Vic(4+ 2), in each of which two (d,p) levels. In the Via (6+ 0) structureR o are 2.150 and

H,O molecules are bound to [Li@D)s" by four hydrogen 2.158 A at the RHF/6-31(d) and RHF/6-3%+G(d,p) levels,

bonds, are obtained, similar to those in previous regéits. respectively. These results agree with the experimental values
The bond lengths between lithium atoms and oxygen atoms of Rio; 1.9 A for a nearest-neighbor number of around 4, and

(Ruo) of the water molecule in the first hydration shell, and 2.1 A for the number of around %.In contrast,Riio for the

the hydrogen bond length&¢), are summarized in Table 1. most stable isomers, (4 q) system ¢ = 0, 1, and 2), is

The Rio obtained by the MP2 method are longer than those Saturated around 1.98.97 A.

calculated by the RHF methods irrespective of the basis sets. The hydration energy of the [Li(#D),] " system was evalu-

On the other hand, theoy calculated by the MP2 method are  ated using the following reaction:

shorter than those calculated by the RHF methods. The ) N ) N

contribution from the energy of the hydrogen bond between [Li(H0)ya]" + HO— [Li(H0) (7)
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TABLE 8: Normal Vibration Frequencies » (cm™1) of
[Li(H 20)s] " with 8Li and 7Li Using Various Calculation
Methods Vb: n =5, 4+ 1 (Cp), Lviy = 21A + 21B

method
A B
modée \75|_i \77|_i A\'A \75|_i \77|_i AVC
B 26 26 23 22 1
287 (293) cmy! 448 (465) et A 52 52 54 54
281 (287) cmr! 440 (455) cm! A 63 63 65 65
B 65 64 65 65
B 100 99 1 99 98 1
B 105 104 1 94 94
A 125 124 1 121 120 1
B 133 133 125 124 1
A 172 172 164 164
A 190 190 178 178
B 209 209 214 214
A 217 217 211 211
A 223 223 218 218
/ A 228 228 220 220
455 (466) cm! 476 (500) cmr! B 243 242 240 240
438 (450) et 463 (486) cm? B 2ra. 213 1 215 274 1
A 296 296 297 297
_ B 338 332 4 327 322 5
Van=55+0 B 354 348 6 350 343 7
Figure 7. Schematic representations of normal vibration modes having A 372 365 7 360 354 6
lithium isotopic shifts for [Li(HO)s]*, Va (5 + 0). See the caption B 402 394 8 404 396 8
description for Figure 6. A 457 444 13 443 433 10
B 460 448 12 449 434 15
A 510 505 5 493 489 4
B 524 509 15 512 497 15
B 602 591 11 579 567 12
A 602 600 2 585 584 1
A 1625 1625 1556 1556
B 1627 1627 1557 1557
B 1629 1629 1561 1561
A 1632 1632 1564 1564
A 1658 1658 1585 1585
B 3577 3577 3584 3584
A 3590 3590 3597 3597
A A 3623 3623 3636 3636
444 (457) cm'! 448 (460) cm! B 3636 3636 3648 3648
433 (443) cm! 434 (449) cm! A 3638 3638 3650 3650
B 3711 3711 3725 3725
B 3713 3713 3726 3726
A 3716 3716 3728 3728
B 3728 3728 3742 3742
A 3729 3729 3742 3742

2 These various calculation methods are (A) RHF/6-&(d) and
(B) RHF/6-3H-+G(d,p), scaled by 0.8964 and 0.8841, respectively.
b Schematic representations of normal vibration modes are shown.
¢ Values give differences of frequencies for two isotopes.

Independent of the calculation method, umts 4, the value
of —AE, tends to become smaller with increasing n. For

509 (524) cm! 591 (602) cm-! 0) isomer type,—AEs of Va (5 + 0) is considerably smaller
497 (512) cm! 567 (579) cm'! against—AE, for IVa (4 + 0), and—AE, for Va (5 + 0) while
Vb.n=5,4+1 Vla (6 + 0) became nearly constant. In contrast, for{4y)

Figure 8. Schematic representations of normal vibration modes having ISOmer type, the increment 6fAE, is saturated in the most
lithium isotopic shifts for [Li(HO)s]*, Vb (4 + 1). See the caption  Stable isomers of Vb (4 1), VIb (4 + 2), and Vic (4+ 2).
description for Figure 6. The saturation is attributed to water molecules forming a second

hydration shell. The present results are the same as those
The hydration energy-AE, for reaction 7 is given as follows:  previously published! For the [Li(H;O)s]* system, the IVa

(4 + 0) structure is more stable than the 1Vb+31) structure

—AE, = Eyin,0)+ ~ Epit,0),.0+ ~ Enyo 8 by Ae = 8.6 kd/mol (RHF/6-33G(d) level) orAe = 9.9 kJ/

mol (RHF/6-31-+G(d,p) level). For the [Li(HO)s]* system,
where Epi,0)*, EpLith,0).q+ andEn,o are the total energies  the Vb (4+ 1) structure is more stable than the Va-50)
of [Li(H.0)]", [Li(H20)-1]", and HO, respectively. The  structure by aboute = 23 kJ/mol (both calculation levels).
values of—AE;, are shown in Table 1. Moreover, the relative For the [Li(H,O)¢]* system, the VIb (4+ 2) structure is more
energy differencede, were calculated against each of the most stable than the Vla (6 0) structure and the Vic (4 2) by
stable isomers of [Li(kO)]* (n = 4—6). Ae = 40.9 kJ/mol (RHF/6-31+G(d) level) orAe = 43.2 kJ/
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TABLE 9: Normal Vibration Frequencies » (cm™1) of
[Li(H 20)¢] ™ with SLi and 7Li Using Various Calculation
Methods Vla: n =6, 6+ 0 (Sg), I'vib = 8Ag + 8Ey +

J. Phys. Chem. A, Vol. 105, No. 3, 200409

TABLE 10: Normal Vibration Frequencies 7 (cm™1) of
[Li(H 20)¢] " with 8Li and 7Li Using Various Calculation
Methods VIb: n =6, 4+ 2 (D24), Lvip = 7A; + 5A; +

9A, + 9E, 6B, + 7B, + 13E
method method
A B A B
modé’ T/GLi T/7|_i A7° V8| l~/7Li AT modé’ [ T/7|_| A7° T/GLi Z~)7|_i AT
Ay 58 58 55 55 E 32 32 31 31
Eu 79 79 76 76 B1 33 33 39 39
Ey 82 82 75 75 E 87 87 84 84
Ag 93 93 89 89 Ay 89 89 85 85
Ay 113 111 2 106 104 2 B, 110 110 117 116 1
Ey 120 120 113 113 E 124 124 116 116
E, 127 127 123 123 B, 151 150 1 143 142 1
E, 190 188 2 192(195) 188(191) 4 E 181 181 192 192
A 192 192 182 182 Ay 184 184 170 170
Ey 230 229 1 228 227(228) 1(0) B, 188 188 176 175 1
Ay 233 230 3 219 215 A; 205 205 203 203
E, 245 239 6 230 224(226) 6(4) A, 217 217 207 207
Ag 266 266 260 260 E 225 225 218 218
Ey 275 275 275 267(265) 267(265) Aq 229 229 223 223
Ay 296 296 290 290 A 246 246 237 237
E, 315 312 3 299 298 1 E 342 336 6 337 330 7
Ag 352 352 330 330 E 396 388 8 396 389 7
Ey 406 406 389(391) 389(391) B 422 406 16 406 391 15
Ay 465 465 443 441 E 482 471 11 470 459 11
Aq 479 479 462 462 A, 494 494 477 477
Ey 481 471 10 461 451 10 B1 495 495 478 478
Ay 506 487 19 479 452 27 Ay 522 522 499 499
Aq 1613 1613 1540 1540 E 589 588 1 573 572 1
u 1615 1615 1542 1542 B, 616 599 17 592 575 17
Ay 1617 1617 1543 1543 E 1627 1627 1551 1551
Eg 1620 1620 1546 1546 B, 1630 1630 1553 1553
Ay 3633 3633 3645 3645 A 1631 1631 1555 1555
Ey 3636 3636 3648 3648 B, 1661 1661 1581 1581
Ag 3637 3637 3648 3648 A 1662 1662 1582 1582
E, 3638 3638 3649 3649 E 3602 3602 3595 3595
Ag 3735 3735 3748 3748 B, 3612 3612 3604 3604
Ay 3736 3736 3749 3749 Ay 3617 3617 3610 3610
Ey 3736 3736 3749 3749 B, 3641 3641 3639 3639
E, 3736 3736 3749 3749 A 3641 3641 3639 3639
@ These various calculation methods are (A) RHF/6-&Ld) and E 3%3 g;gg g;gg g;gg
b Schematic representations of normal vibration modes are shown. B, 3741 3741 3737 3737

¢ Values give differences of frequencies for two isotopd&@lues for
Ag show mode for totally symmetric stretching of+O.

E

A

a2 These various calculation methods are (A) RHF/&-&(d) and
(B) RHF/6-3H+G(d,p), scaled by 0.8964 and 0.8841, respectively.
b Schematic representations of normal vibration modes are shown.
¢Values give differences of frequencies for two isotopes.

a somewhat larger estimation of the binding energies. These
calculations are also well correlated with the experimental
results; X-ray and neutron diffraction analyses have given mostly
a coordination number of four arillio of 1.96 A although the
coordination number anR o vary from 3.3 to 6.5 and from
1.9 to 2.1 A, respectivelgt-27

Normal Vibration Analysis of [Li(H 2O),]* with Isotopic

481 (471) cm!
451 (461) cm!

Figure 9. Schematic representations of normal vibration modes having
lithium isotopic shifts for [Li(HO)s]*, Vla (6 + 0). See the caption

Vla.n=6,6+0

description for Figure 6.

mol (at the RHF/6-31++G(d,p) level) andAe = 7.0 kJ/mol
(RHF/6-31-G(d) level) orAe = 7.3 kd/mol (RHF/6-31++G-
(d,p) level), respectively. These suggest that four water mol- structures, the potential could be expressed by the internal
ecules bound directly to the central lithium atom form the most coordinates and the normal vibration mode could be identified
stable structure in the first hydration shell.

In summary, no significant difference was seen in the are shown schematically in Figures-21.

structures and the binding energies among the four present
calculation levels, although the MP2/6-BG(d) method gave

487 (506) cm!
452 (479) cm!

Shifts. The normal vibration frequencies of the [Lif&),]*

clusters were obtained for each lithium isotope through the
normal vibration analyses of the optimized structures (Tables
2—11). All real vibration frequencies were obtained for the RHF/
6-31+G(d) level and the RHF/6-31+G(d,p) level. The normal
vibration modes were analyzed using group theory and the
irreducible representations were derived, as are shown in each
table. For the small clusters such as the I, I, lll and IVa

definitively. The vibration modes having great isotopic shifts

For cluster | with (1+ 0) structure, a large isotopic shift,
A? =29 cnT?, appears around 500 cth 500 (529) crm! (the
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406 (423) cm! 471 (482) cmx!
391 (406) cm! 459 (470) cm!

599 (616) cm!
575 (592) cm!
Vib.n=6,4+2
Figure 10. Schematic representations of normal vibration modes having lithium isotopic shifts for,@L{H, Vb (4 + 2). See the caption
description for Figure 6.

42

can be assigned to,Bnode; that is Li-O stretching vibrations
(see Figure 3). For cluster Ill with (3 0) structure, large
isotopic shifts Az = 27 or 26 cnt?, appears at 560550 cnTt:
534 (561) cm? by the RHF/6-3%+G(d) level and 519 (545)
cm~! by the RHF/6-3%+-+G(d,p) level (Table 4). The frequency
mode can be assigned to E modes; these are coupling modes
consisting of Li-O asymmetrically stretching vibrations and
the rocking vibrations of two D molecules. The other
\@ frequency modes having an isotopic shift correspond to coupling
o vibrations, which consist of the asymmetic vibration of the
_ ¥ central lithium atom relative to the surrounding water molecules
33235 ((33:15)) CC:: 11 i(l)g Eﬁg 221 and the rocking vibrations of the three;® molecules (see
Figure 4). For clusters IVa with (4 0) structure, large isotopic
shifts, Av = 20 cnt?!, appear around 500 crh at both
calculation levels (Table 5). The largest isotopic shift appears
at 484 (505) cm! at the RHF/6-33-G(d) level and 473 (493)
cm! at the RHF/6-3%+G(d,p) level, which can be assigned
to E modes. A very large isotopic shift appears at 494 (513)
cm™1 at the RHF/6-3%G(d) level and 483 (502) cm at the
RHF/6-3H+G(d,p) level, which can be assigned to B mode.
Both consist of the assymetrical stretching vibrations cfQi
bonds relative to the surrounding fous® molecules, combined
with the weak rocking vibrations of the four,® molecules

A . (see Figure 5). The other frequency modes have small isotopic
1562((:673)) Cm'll g;g ggg; EEI shifts A7 < 10 cnt?, which appear at around 33360 cnT?,
cmr

and are ascribed to the coupling vibrations between the weak
Vie.n=6,4+2 Li-O stretching vibrations (or the ©Li—O scissoring vibra-
FigL_Jre 11. thema_tic re_presentgtions of normal vibration modes tions) and the rocking vibrations of the,8 molecules (see
having lithium isotopic shifts for [Li(HO)]*, Vic (4 + 2). See the  Figyre 5). For cluster IVb with a (3 1) structure, very large
caption description for Figure 6. isotopic shifts,A7 = 15—20 cnt!, appear at 477 (492), 543
numbers correspond to the wave numbergifoclusters while (561), and 613 (633) cm at the RHF/6-33+G(d) level, and
those in parentheses refer to the wave numberd falusters) 461 (475), 527 (545) and 595 (612) chat the RHF/6-3%++G-
by the RHF/6-33G(d) level and 491 (520) cnt by the RHF/ (d,p) level, which can be assigned to modes A, and B and B,
6-31++G(d,p) level (Table 2). The frequency mode can be respectively (Table 6). All these frequency modes consist of
assigned to Amode; that is a stretching vibration of the bond the asymmetrical stretching vibrations of Li-O bonds relative
between a lithium atom and an,® molecule, as shown in  to the surrounding three # molecules, combined with the
Figure 2. For cluster Il with (2+ 0) structure, a large isotopic  rocking vibrations of the three 4@ molecules in the first
shift of aboutA? =~ 40 cnt! appears around 600 cth 601 hydration shell (see Figure 6). For cluster Va with {50)
(641) cnt! by the RHF/6-3%G(d) level and 588 (627) cm structure, large isotopic shiftaz > 10 cnT?, appear around
by the RHF/6-3%+G(d,p) level (Table 3). The frequency mode 400-500 cnt? at both calculation levels. The B mode having
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TABLE 11: Normal Vibration Frequencies » (cm™1) of
[Li(H 20)¢] ™ with SLi and 7Li Using Various Calculation
Methods Vic: n =6, 4+ 2 (Cy), Ly, = 27A" + 24A"

method
A B
mode oL 1 AT* V6L oL AT*
A" 29 29 26 26
A’ 36 36 34 34
A’ 49 49 50 50
A" 53 53 57 57
A’ 73 72 67 66 1
A" 109 109 97 97
A’ 116 115 1 111 111
A" 123 122 1 117 116 1
A" 135 135 127 127
A’ 136 135 1 131 131
A’ 156 155 1 145 145
A" 187 187 189 189
A’ 198 198 196 196
A" 206 206 203 203
A’ 206 206 205 205
A" 214 214 209 209
A’ 219 219 215 215
A" 238 238 225 225
A’ 238 238 229 229
A’ 267 267 267 267
A’ 345 333 12 341 328 13
A" 349 345 4 337 332 5
A" 352 352 353 353
A’ 381 376 5 384 378 6
A’ 427 410 17 415 400 15
A" 433 430 3 422 419 3
A" 477 462 15 460 446 14
A" 487 487 468 468
A’ 492 492 475 475
A’ 554 542 12 539 526 13
A" 568 566 2 552 550 2
A’ 601 597 4 579 575 4
A" 646 639 7 612 605 7
A’ 1628 1628 1550 1550
A" 1628 1628 1552 1552
A’ 1630 1630 1554 1554
A’ 1633 1633 1559 1559
A" 1645 1645 1567 1567
A’ 1664 1664 1582 1582
A’ 3600 3600 3593 3593
A" 3606 3606 3599 3599
A’ 3614 3614 3606 3606
A" 3638 3638 3636 3636
A’ 3641 3641 3640 3640
A’ 3657 3657 3655 3655
A" 3694 3694 3690 3690
A" 3731 3731 3731 3731
A’ 3731 3731 3731 3731
A" 3735 3735 3732 3732
A’ 3735 3735 3732 3732
A" 3752 3752 3750 3750

@ These various calculation methods are (A) RHF/6-&Ld) and
(B) RHF/6-3+G(d,p), scaled by 0.8964 and 0.8841, respectively.
b Schematic representations of normal vibration modes are shown.
¢Values give differences of frequencies for two isotopes.

the largest isotopic shiftaAz = 23 or 24 cn1!, appears at 476
(500) cnT? at the RHF/6-33G(d) level and 463 (486) cnt

at the RHF/6-31++G(d,p) level and (Table 7). In all these
modes, the Li-O stretching vibrations are coupled with the weak
rocking vibrations of the surrounding,B molecules. There
are small isotopic shifts at about 300 chAll these frequency
modes consist of weak HO stretching vibrations or weak
O—Li—0 scissoring vibrations, and the rocking vibrations of
the surrounding kD molecules (see Figure 7). For cluster Vb
with (4 + 1) structure, large isotopic shiftaz > 10 cnt?,

J. Phys. Chem. A, Vol. 105, No. 3, 200411

TABLE 12: Values of f,

method
n symbol i BP

(n+ 0) system

1 I 1.030 1.029

2 1 1.051 1.049

3 1] 1.067 1.064

4 IVb 1.070 1.066

5 Va 1.056 1.052

6 Via 1.046 1.041
(3 + p) system

4 IVa 1.069 1.066
(4 + p) system

5 Vb 1.071 1.068

6 Vib 1.070 1.067

6 Vic 1.070 1.067

aFrequencies used are calculated at RHF/6-G{d) with a scale
of 0.8964.° Frequencies used are calculated at RHF/6-8G(d,p) with
a scale of 0.8841.

appear around 450 crhand 506-600 cnt! at both calculation
levels (Table 8). The frequency modes can be assigned to the
modes A and B, respectively, which are coupling modesl
consisting of Li~O stretching vibrations and the rocking
vibrations of the HO molecules in the first and second hydration
shells, respectively (see Figure 8). For cluster Vla with-(8)
structure, large isotopic shiftAz > 10 cnt?, appear around
450-500 cnt! at both calculation levels (Table 9). The
frequency modes can be assigned to the modeand A,
respectively, which are coupling vibrations consisting of the
asymmetic vibration of the lithium atom relative to the sur-
rouding HO molecules and the rocking vibrations of theCH
molecules, respectively (see Figure 9). For cluster VIb with
(4 + 2) structure, a large isotopic shifiy = 17 cnt?, appears
around 600 cm®: 599 (616) cm! at the RHF/6-33+G(d) level

and 575 (592) cmt at the RHF/6-3%+G(d,p) level, which
can be assigned to the Biode (Table 10). Comparatively large
isotopic shifts appear at around 40880 cnt? at both calcula-
tion levels, which can be assigned to modes &d E,
respectively. In each of these modes, the-Qi stretching
vibrations or weak &-Li—O scissoring vibrations are coupled
with the rocking vibrations of the surrounding® molecules.
Mode E is the coupling vibration involving the weak rocking
vibrations of the HO molecules in the second hydration shell,
but mode B does not involve the vibration of the@Hmolecules

in the second hydration shell (see Figure 10). E modes having
small isotopic shifts, which consist of asymmetrical weak
stretching vibrations of 1-+O bonds relative to the surrounding
H>0O molecules combined with the rocking vibrations of th#H
molecules, appear at 36@00 cntl. For cluster Vic with a

(4 + 2) structure, comparatively large isotopic shifts; > 10
cmt, appear at 333 (345), 410 (427), 462 (477), and 542 (554)
cm! at the RHF/6-33G(d) level, and 328 (341), 400 (415),
446 (460), and 526 (539) crhat the RHF/6-31+G(d,p) level
(Table 11). In all these modes, thet® stretching vibrations

or weak O-Li—O scissoring vibrations are coupled with the
rocking vibrations of the surrounding.B molecules. The
modes having isotopic shift correspond almost exactly to the
same vibration frequencies at different calculation levels, and
the extent of these shifts is almost the same. The above results
show that the normal vibration modes in the presence of an
isotopic shift vary widely depending on the number of hydrated
water molecules and on the mode of hydration. However, we
can see a common feature for these modes: they all include
the asymmetric vibrations of central lithium atoms relative to
the surrounding KD molecules in the first hydration shell.
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TABLE 13: Totally Symmetric Stretching Frequencies of Li—O % (cm™1), Values of Approximated Reduced Partition Function

Ratio f |, and Errors of f[* againstf ], & (%)

method experiment

A2 BP ref 13 ref 14
n symbol A f L’a o) n f rn,a o) A f L’a n f L’a
2 I 251 1.046 -0.5 246 1.044 -0.5
3 1 232 1.059 —-0.4 227 1.056 —0.8
4 IVa 215 1.067 -0.3 210 1.064 -0.2 255 1.095 190 1.053
5 Va 202 1.074 1.7 196 1.070 1.7
6 Via 192 1.081 3.3 182 1.072 3.0

aFrequencies used are calculated at RHF/¢-G{d) with a scale of 0.8964.Frequencies used are calculated at RHF/¢-8G(d,p) with a

scale of 0.8841.

f" of Lithium lons in Aqueous Solution. For the [Li(H0),]*
clusters up tay = 6, the values of | at 298 K were calculated

for each cluster using eq 4 with the calculated normal vibration

long-range interaction involving the water molecules far from
the first hydration shell can be ignored.

The energy calculations described above show that the

frequencies and are shown in Table 12. As mentioned before, hydrated cluster with four water molecules in the first hydration
the effect of the calculation level is not so significant, and the shell is the most stable. Therefore, we can eg,tirﬁatﬂg4 to be

estimation off[] is carried out at two calculation levels, the
RHF/6-31-G(d) and RHF/6-31+G(d,p) levels. In ther( +

0) system, the value df, increases from 1.030 to 1.070 with
an increase up to = 4; the highest value df} is 1.070 an =

4 at the RHF/6-31+G(d) level; and from 1.029 to 1.066 with
an increase up to = 4; the highest value df; is 1.066 ah =

4 at the RHF/6-31+G(d,p) level. Fom = 5 and 6, the value
of f| decreases with at both calculation levels. The decrease
of the |, value withn can be explained by the considerable
increase in the L+O bond length ah > 5. The increase in the

1.07 from thef |, values of clusters (4- q). Furthermore, the
effects of using scaling factors for tHe, values are not so
large, although effects to a greater or lesser extent of the scaling
factors exist for each frequency. Consequently, the theoretical
upper limit of the isotopic separation factor is givenf éi’saq =
1.07 in the aqueous solutierexchanger system.

Validity of Bigeleisen and Mayer’s Rough Approximation
for f'. For the @ + 0) system of the [Li(HO),]* clusters (i =
2—6), the roughly approximated values for reduced partition
function ratio €, at 298 K could be calculated from the

bond length causes a marked decrease of isotopic effect althoughotally symmetric stretching frequencies, which were calculated
the number of vibration modes associated with isotopic shift at the RHF/6-3%G(d) level and the RHF/6-34+G(d,p) level

increases with n. It is well-known that the isotopic separation of the clusters using eq 6. The calculafed values are given
factor between species with different coordination numbers (for j, Taple 13 with their errors against eathvalue. In the (n+

example, SnGl= SnCk) is small because the isotopic effect

due to the increase in the coordination number is compensate

for by the reverse effect due to the increase of bond leHygth.

The present results indicate that the isotopic effect due to the
increase in the hydration number exceeds that due to the increas

in the bond length for clusters with < 4, while the reverse is
found for clusters witm > 5.

In the (4+ qg) system, the values 6f, are 1.071 and 1.070
for n = 5 and 6, respectively, at the RHF/6-BG(d) level;
and 1.068 and 1.067 far= 5 and 6, respectively, at the RHF/
6-314++G(d,p) level. At both calculation levels, thede,
values are close to tHe, values for the IVa (4+ 0) system. A
slight distortion of the first- shell hydration structure may make
thef| value a little larger in the (4- g) system. These results
indicate that thé |, values are determined mainly by the first-

(<]

0) clusters withn = 2—4, the values of |;* with small errors

dithin 0.8% against each], value agree rather well with tHe,

values, respectively. In the (h 0) clusters witm > 5, although
there are discrepancies between @ and f| values, the
values off ;? are overestimated, and include errors up to 3.3%.
The deviation becomes larger withsince the value of [#
increases consistently with while the f|, value decreases in
the regiomn > 4. The deviation observed in the {60) cluster

can be anticipated due to the influence of the interaction between
H>0 molecules due to hydrogen bonds. The geometry of water
molecules suggests the formation of weak hydrogen bonds
between neighboring # molecules. These hydrogen bonds
affect the totally symmetric stretching frequency, but rarely
affect the asymmetric vibration frequency of the central lithium
atom relative to the surrounding@ molecules. These calcula-

shell hydration structure, but rarely influenced by the second- tions show that Bigeleisen and Mayer’s rough approximate
shell hydration structure, although the normal vibration modes formula can be applied for the most stable [Li(),] " clusters

are apparently influenced by the secesteell water molecules.

(n = 2—6). This makes it possible to compare our calculated

Since the distance between the central lithium atom and the data with the isotopic effect estimated from spectroscopic data.
second-shell water molecules is large, the contribution due to The values of ;? derived from the Raman active spectra are
their vibration may be reduced compared to those involving also shown in Table 13 assuming a coordination number of 4.

first-shell water molecules. On the other hand, in the [L@Oj]*
system, the value df;, for IVa (3 + 1) is close to that of IVa
(4 + 0). Although the values of |, are determined mainly by
the first-shell hydration structure, the valuefgffor IVa (3 +
1) is larger than that of 11l (3+ 0) since the symmetry of the
first-shell hydration structure for IVa (3- 1) breaks. We can

conclude from these calculations that the lithium isotopic effect

of hydrated lithium ions arises mainly from the local vibrations

Two values, 1.095 and 1.053, are obtained depending on the
wavenumbers of Raman bands. These values agree approxi-
mately with our calculated values b[i’aq, although consider-
able variation is observed. Further spectroscopic studies will
be necessary to confirm our calculations from an experimental
standpoint.

Isotopic Separation Factors in the Chemical Exchange
Reaction. The present calculations give some useful informa-

between the lithium ions and the first-shell water, while the tion, not only on thd " value of hydrated lithium ions, but also
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