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THER MODYNAMICS OF DIMERIZATION OF LITHIUM

SALTS IN I,2 DIMETHOXYETHANE

by

H. E. Maaser, M. Delsignore and S. Petrucci
Departments of Chemistry and Electrical Engineering

Polytechnic Institute of New York
Route 110

Farmingdale, New York 11735

ABSTRACT Q'

Electrical conductance data in the concentration range Ye "4 to 10

for LiBFin 1,Z-DME are interpreted by the Fuoss-Kraus theory yielding
4

values of the ion-pairs and triple-ions formation constants.

Complex dielectric permittivities for LiBFtr)in 1, 2-DME at.25- in

the frequency range 0.9 - 81 GHz are reported. The data are interpreted

by two Debye relaxation processes, one for the solvent and one for the solute.

The latter is interpreted as due to the diffusional rotation of ion-pairs.

Ultrasonic absorption data for LiBF>-in I, 2-DME at 254C in the con-

centration range 0.28-0.55M and frequency range 10-550 MHz are reported.

The data are described by a single Debye relaxation process and are in-

terpreted as due to an ion-pair dimerization equilibrium leading to forma-

tion of quadrupolcs. Theoretical expression (similar to the ones of Fuoss

and Bjerrum for ion-pairs) are developed for the dimerization of ion pairs

to quadrupoles. To this end, a point apole-point dipole potential has been used.

- The dependence of X'_ and J. from te dipole-dipole separation distance

is illustrated. Further, the thermodynamic increments AVT, 16o, 0 l°

and AV have been calculated The latter quantity is compared to the
S

. corresponding parameter foun during the present and previous ultrasonic

* research.

- *

The ultrasonic data for LiBF in 1 2-DME have been already given in

U. S. Army Report No. 3, dated June 30, 1983, under Grant No. DAAG-
29-82-K0048. They are regiven here for the sake of logic of the present

report that will be basically a paper to be submitted for publication.
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INTRODUCTION

1,2 Dimethoxyethane (1, 2-DME) is known to chelate lithium as well as

sodium ions. LiCtO 4 [ 1 ] and LiAsF 6 [2 1 have been investigated in this

solvent by ultrasonic and dielectric relaxation and conductance methods.

LiBF4 , another electrolyte relevant to a battery construction, has now

been investigated by the same methods in 1, Z-DME in order to establish

whether a general trend of association exists in different solvents (a

sequence has already been found for the three above electrolytes in

2-Methyltetrahydrofuran [ 3].

Enough systems have shown formation of quadrupoles in ethereal

solvents to justify interest in theoretical expressions aimed at calculating

thermodynamic parameters relevant to the ultrasonic research. To this

end, using a point dipole-point dipole potential, theoretical expressions of

quadrupole formation constants and thermodynamic increments as AS

-AHo, VT and AVS have been obtained as shown below. In some cases

already investigated, a process of dimerization consisting of two steps

appeared to exist. [3 ]. For these cases, the second step of dimerization

is interpreted theoretically by the Kirkwood expression of dipole associa-

uon [4].

EXPERIMENTAL

The equipment and procedure for the ultrasonic dielectric and conduc-

tance work have been described elsewhere [3 1. LiBF4 (Aldrich) was re-

dried in vacuo (- 1 torr) at - 70 0 C overnight. 1, 2-DME has been purified

by distillation at reduced pressure over sodium and benzophenone. Solu-

tions were prepared just before each run. Runs performed with-solutions

aged 3-4 days gave results which were outside the experimental error

by a systematic amount. These results were discarded.

-2-
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RESULTS

Fig. la reports the equivalent conductance A vs. the concentration

c in a double log plot for LiBF 4 in 1, 2-DME at 25 0 C. In the same plot,

previous results [21 for LiAsF in the same solvent show that LiAsF is
6 6

a stronger electrolyte in this solvent. This confirms the same sequence

found in Z-Methyltetrahydrofuran C3 

Fig. 2a reports the coefficients of the real part and of the imaginary

part e ' and e" of the complex permittivity = el-J e, plotted vs. the

frequency-f for a representative concentration of LiBF4 in 1, 2-DME at

25 0 C. The solid lines are the calculated Debye functions for two relaxa-

tion processes:
g o c o o 1 c o o I  c o o

. € = I z + 2z +(I
I + (f/f 1  + I(f/f2 ) 2

o l+(f/fl)2  1 +(f/f 2 )

with parameters eo0 co, 102' fl' f2C" is the conductance contribution

to the loss ' = 1. 8,x ; x is the specific conductivity of the solution.x f

Table I reports all the dielectric parameters and x for the concentra-

tions of LiBF 4 investigated at 25 0 C.

Fig. 3 reports a representative plot of the quantity Cc/? vs. the fre-
quency f for LiBF4 in 1, 2-DME at 25 0C. tis the sound absorption coefficient

. expressed in neper cm . The solid line is the fitted Debye function for

a single relaxation process:

A. +1(/) B, (3)

with A, B and fr the relaxation parameters. In particular, A (= 2 max,fru)

contains all the thermodynamic information relevant to the observed process;
llmax is the maximum absorption coefficient per wavelength at f=f where

r'

-3-
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f is the relaxation frequency. B is the background absorption at f>>fr;
2

namely, the value of M/f at high frequency with respect to f r where

the degrees of freedom of the observed process have been frozen (relaxed).

u is the sound velocity. Table II reports the calculated parameters for

the concentrations of LiBF 4 in 1,2-DME investigated at 25°C.

DISCUSSION

a. LiBF4 in 1,2-DME
4n

The conductance data have been treated by the Fuoss-Kraus theory

of triple-ions formation [ 5 .

AT "!T T

g(c) = + °T(I- ) (4)
~ A0Kp Kp

where g(c) is a factor that lumps together all the interionic interaction

terms A and A are the limiting equivalent conductance of Li + BF
0 00

.. -

and of the two possible triple ions (Li BFrl + Li(BF))l2 4 2 ),respectively.

K and K.. are the ion pair and triple ions formation constants, respectively.
p a

The symmetrical approximation of considering the two possible formation

constants of triple ions equal to each other has been retained.[ 5 .

Fig. lb reports the plot of A g(c) c vs. c(l -A -) according to Eq. (4).

The solid line has been calculated by linear regression. It gives the de-

termination coefficient r =0. 989, intercept = 3. 921 x 10 , slope = 1. 3122.

From a previous work [ 3J the value of the Walden product Aoii = 0. 564 for

LABF 4 was calculated. Hence, for this electrolyte in 1, 2-DME one estimates

A0 =136.6S2 cm eq. From the above results and the arbitrary position
T 2

IO = 3 A (consistent with previous work) 1 1, 2, 3 1 one calculates

7 -
K =1.2xl0 M and KT = 50M "

pT

It is interesting to compare these figures with the corresponding ones 2

for LiAsF 6 in 1,2-DME K p-lxl 5 M M andK T=28M" . One may con-

clude that the reason that LiAsF 6 is a stronger electrolyte in 1, 2-DME with

-4-
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respect to LiBF 4 is due to the difference of two orders of magnitude in

the value of K rather than to differences in the triple ion formationp
constants, K It is also relevant to compare the conductance results

of the two electrolytes LiAsF 6 and LiBF 4 in the two solvents I02-DME and

2MTHF. For the latter solvent [3J, LiAsF 6 showed K =3.3x107 M ,

- p
KT = 3 9 M . Again, the gain in orders of magnitude of the equivalent

conductances of both electrolytes, when dissolved in 1, 2-DME with respect
to ZMTHF, seems due to the differences in the values of K rather than

P L+

the K T's. On a molecular scale it is likely that chelation of Li by 1, 2-DME

shifts equilibrium (9)' (see below) toward the left thus decreasing KP
On the other hand, the steric hinderance caused by the presence of a -CH 3
group adjacent to the ethereal group of the 2MTHF may cause solvation

hinderance which favors the anion as a competitor for the first coordination

shefl around Li. This may shift equilibrium (9) toward the right increas-

ing K p. It is also important to realize that the major proportion of the

electrolyte exists as ion-pairs with only a minor proportion as triple ions

(neglecting quadrupoles which are revealed by ultrasonic relaxation as

shown below). On the basis of the conductance information alone for the

equilibrium [5 , A+B'0 AB+B--&AB., (AB)=(l- -3 aT) c c, (AB,)--Ct'c,
*(B) a co ~(4VK.) 1 )-' i/zh

(Bp L-e cTIs(KT/KPc ,hence (AB?)a!(KT/Vi/Z.)c3/2.p" T1 T 1 p  T " P -
With the above figures K T1.2x10 M- andKT=50M- , atc=O.l

p
(AB 2 )4.55 xl0-

4 M or(AB /c)%= 0.46.

Fig. 4 depicts the quantity C0- C0) vs. c according to

the B~ttcher function £6):

(Co- .0 .4Trx cLxl0-3 2 3c

( .o)I  (lxCf)2Z 3kT2o+I ' (5)

2where the polarizability c, reactor field factor f term (l-(f) generally

of the order of 0.9 has been equated to 1. In the above p is the apparent

- dipole moment of the rotating polar entity which increases the polarization

* of the solution and makes o>  
. The solid line in Fig. 4 has been

*" calculated by linear regression (5b% stat. weight to the origin) giving

r 2=0.98, int= 0.031:j 0.16, slope= 15,255 ±2743 from which p = (15.8 ±_ 1.4)
* -18

x 10 . e.s.u. cm. By taking a rigid dipole moment Vj =ae where e is the

2MTHF = 2-Methyltetrahydrofurai.

,. . . , . .. . • . . . ... ... . ...- ,
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electron charge a 3.3 - 0.3 x 10 "8 cm. This figure, when corn-

pared to the one obtained for LiAsF 6 in the same solvent from a previous

work [23a=(3.8 ±0.04)x10-8 cm, suggests a smaller charge to charge

separation of the rotating entity for IUBF 4 with respect to LiAsF 6 . This

may simply reflect the molecular dimensions of the two anions. On the

-81
ohrhand, iaCo 4 in 1, 2-DME gave CI 13p= 14.7x 10 " l e s u cmnand

a= 3. 1 x 10 - 8 cm. The following sequence for the apparent dipole moments

and charge separation seems to appear LiAsF6 >LiBF 4> LiC 04. As the

crystallographic radius of C 04 is larger than BF 4 , it appears that other

factors i.e., solvation and the different ability of the anions to penetrate

the solvation shell of Li. play a role in the found sequence of the a 's.

It is also noteworthy that for all the above electrolytes in 1, 2-DME fr 2! 2. 0

GHz, hence the decay time of the polarization is constant. Neglecting

differences between this latter quantity and the molecular relaxation time

r and retaining the Debye expression [73 for a spherical dipole

4yra3

kTt it results that a =4.Oxl0 8 cm expressing the average solvatedkTT

radius of the rotating entity.

The ultrasonic data will now be discussed. Linear dependence of fr

on c and nonlinear concave-up dependence of 1a on c suggest [1 Ja

dimerization process of the type:

kf
2A B

---- Bk
r

with A symbolizing the LiBF 4 ion-pairs and B the dimers (LiBF 4 )2 . The

following expressions are valid for this process [1):

-I
1' =Zrf r  4k(A)+k (6)

r f r

(AV K (A) 2

P RT ( V)(7)
"m RT 1+4K (A)

q

where kf and k are the rate constants, AV is the isoentropic volume

change for the process, =(pu2
1 is the adiabatic compressibility of

-6-
* . *.* ***
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the liquid, p the density and Kq k f /kr the equilibrium constant of de-

merization.

To a first approximation if K is not large (-1- 3M " I) one mayq
approximate (A) s c taken as the concentration of ion pairs, the major

species present in a solvent of this permittivity (e s 7). A plot of 'r

vs. c is depicted in Fig. 5a. Linear regressions give slope = 9.68x108

8 2intercept=2.95x10 , determination coefficient r = 0.84 (r is the cor-8= - 1 =.518S " 1n
relation coefficient). Then, k .4x 10 M S k =.95x S and

K =0.8 M 1 . Equation (7) can be transformed to the Farber's function
q13:

2Tc 4 I
1ppR 2~ 18)

ZsmR Kq(AV) (~v.)

The Farber plot is shown in Fig. 5b. It gives: slope = 8.65 x 10
-5 2

intercept= 0.90x , r -0.81 from which one calculates AV =6. 8

cm3 /mol and K = 2. 4 M 1 , of the same order of magnitude of the

figure K = 0.8M _ obtained above. Fig. 5c and Table II report the

calculated and the experimental p mn's testing the internal consistency
of the calculated parameters AV and K = 2. 4 - .

S q
Comparing the above ultrasonic results with the ones obtained

for LiAsF 6 and LiCO 4 in DME, one has to conclude that ultrasonic

relaxation seems able to detect one of the following equilibria, depend-

ing on the system:

L1+ + B" Li+ .. B" LB
k k

-0 k 1
(9)

ZLiB (LiB)2  , B = ligand

namely, one of the steps leading to the contact ion pair LiB or to the

dimer (or quadrupole (LiB)?). Generally, in media of low permittivity

the first step of the scheme above is not detectable because of the small concentra-

tion of the free ones. It appears that for LiAsF in 1, 2-DME the step
6

-7-
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Li.• B - LiB was detected [Z], whereas for both LiBF 4 and iC_ 0 4
4 4

1) only the dimerization is visible. This could reflect the extent of

of th difereg associated onytoassociation of the different electrolytes, LiAsF 6 being only
the form LiB, dimers being in a minor quantity. Similarly in a poorer
solvent as 2-Methyltetrahydrofurane, LiAsF 6 shows formation of quadrupoles

by a single step [3], LiBF 4 by a double step [ 3] and LiCIO 4 only by a

first order process [8] according to the sequence

2 LiB' (LiB.. LiB)

(LiB... LiB)_ (LiB)2  
(10)

This would show that LiCE 04 is mainly in the form of quadrupoles of the

outer sphere to inner sphere type [8 1 and the sequenzie of association

.LAsF6 - LiBF4< LiC 0 4 is confirmed. At this point of the research it

was felt that enough systems had shown presence of quadrupoles *and

enough parameters as K and AV had been determined to justify interestLe q S
in calculating the order of magnitude of these quantities on a theoretical

ground. This shall be attempted in the sections to follow.
b. Calculation of the Ouadrupole Formation Constant for Divole-

Dipole Interaction

We shall start our calculation with a Fuoss-like expression for

dipole-dipole interaction. As already shown by Saar et. al. [ 9 ], one

can paraphrase the Fuoss expression for the association constant of

simple ions [5] to a dipole-ion pair to the one of dipoles to a quadrupole

by writing -"

-- y--.4 T L r 3  x T'2iiKF = 43000-0 exp(-j ) (11)

Where r is now the separation distance between the centers of the two
21 3dipoles of moment 4 and U is the dipole-dipole potential U = -P /r

'- with c the permittivity. One then writes

K= 4TrIr exp(U )=Koeb (12)
3000 Cr kT

..- '.-'-.-. . .'.'..-.. .' .. ." . . " .. . - _. . - ". ... '.'.'.. -~ . * . -.. .-. . ,, . -. . ,>. .; - . ..
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with K = 41Lr 3/3000 and b = 2/cr 3kT.
0

Refinements to this equation could be added as done by Jagodzinski 1 10 ]

for the association of ions to ion-pairs. One can consider the

change in the number of degrees of freedom in going from two dipoles to

a quadrupole. By using the classical equipartition principq (and reasoning)

that each ion pair will have 3-translational, 2-rotational, and 1-vibrational

degree of freedom) one writes for the non-electrostatic internal energy

C1 I0 of the two ion pairs

2U 2r RT + RT + RT 14-RT

nelt - LZR]1

The quadrupole, on the other hand, taken as a nonlinear molecule, namely,

a" : F entity, will have 3-translational, 3-rotational, an (3N-6) = 6

vibrational degrees of freedom. Then

3 18Une =RT + RT + 6RT=-L-RT
nt 2 2 RTTR

The net result of the formation of a quadrupole from two dipoles will be a

change in non-electrostatic internal energy per mole of AUne = 2RT,
9.e

whereas the total energy change per mole will be

AU= AUne + Uel =2RT -- 3 L (13)
e r

with L the Avogadro's number. Then

3
K ~t 3 e- 2 e p 2 /Cr 3 kT K eb

4rr~re2  Ke(14)KF = 3000 0

with

* K* 4 Lr 3 -2  an
Ko 3000 e and b 3

er kT

Although ult asonic relaxation has detected quadrupoles, dielectric
relaxation for Li salts in the same solution has never detected
these species. Hence they must have a zero or negligible dipole moment.



Table III reports the values of K and K vs. the interaction distance
F -1 8  Fr for two dipoles of moment 4 = 14.7x10 esu cm immersed in a medium

of permittivity c = 7 at T= 298. 2K. It may be seen that both functions go

through a minimum by increasing r. This is self evident by observing that

K or K depends on the product r el/r 3 , namely, the product of the two
F F rnmltepouto h w3functions, one increasing and one decreasing with r . The position of the

--. minimum can be found by maximizing Eqs. 1Z or 14. Then in the case of

Eq.14-

K *2~~ [r 3 ep Cr T =0

which gives the distance at the minimum of K

2 1/3
rm (\jTi 9.1 x10 8 cm (15)

It may be useful to recall [ 11 that K is a measure of the excluded volume

due to the presence of neutral dipoles or, in other words, the probability of

association increasing with the volume o4aupied by neutral dipoles.

Some researchers £1Z] in the past have expressed preference for
the Bjerrum theory of ion-pair association over the Fuoss one based on the

fact that the former seems to follow the data for the formation constant with

,*.. e more closely than the latter one. It appears natural then, at this point,

to develop a Bjerrum-like theory for quadrupole formation and compare it

with Eqs. 12 and 14.

" Following Bjerrum £13], the probability of finding a dipole at a

distance r from a given one will be given by the radial distribution function:

LC 2 -U/kT
dPj10 4Tyr dre (16)

-3
where Lc/lO00 is the concentration of dipoles expressed as molecule cm

2
k P 4 Tr dr is the spherical volume element of radius r and thickness dr, U is

2 3
the dipole-dipole potential U =-p /cr Then,

-lo-
- . - - -0

.. %...,. . %*. , ..
/ | " i i -- "ll I" 'l

' '
*.r : t " " % % "- " % " "-% ' % % " * td." - .!. - "..1 
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Lcr1 22
dl' 1000Lcxc(3 )] 4irr dr (17)

er kT

The probability function will have a minimum with r as it depends on the
I/rd 2

product e x r. Therefore

dP Lc LI2  21
dr Ar l--'-4,T (exp ) r 0

er kT

which leads to the condition

[3 ]1~/3 ek T (18)

- "Notice that the minimum in the distribution function corresponds to the

position p2 2 /ecq 3 = 2/3 kT, namely, to the ratio of the dipole-dipole energy

" to kT equal to 2/3. Following Bjerrumr [ 13 ], we shall limit the definition

of associated dipoles to the distances r in the range from a to q, with a

" the minimum approach distance of two dipoles of moment p. The probability

that two dipoles are associated, namely, the degree of association 1- c will

be given by

4 frLcfq 2 /*er 3 kT 21-a = 1000 (e )r dr

* 2 3 2 3 2 2/k -2
*.." Call the quantityY = uZ/er kT and b = p /ca kT. Then, 3r dr=-(p /k)Y dY

- and

2 2/3
I- 4-rLc U e Y Y-2dY1000 3ckT e

b

since for r=a,Y=band for r=q, Y = 2/3. Then the equilibrium constant

. expressed, in dilute solutions, after Bjerrum [ 13 ], as KBj = - a/c, will

* be given by
-iL 2 b

KBj - 100 (3CkT) e Yf dY , (19)
2/3

-11--

• 
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or

K 4TrLa 3  2Y
Bj 3000 bje Y dY (20)

2/3

The integral Q f e Y Y2dY can be solved by expanding in a convergent
2/3 ~y y3 y4

aeries e , namely e Y =+Y+ - - + Y + 4 ... . Then,

Qf

0.67

or

r 4i1 12+1 13 1 1 1 b
Q=- +nY +Z!Y+ T- +3! -2! +. n+l) _

0.67

(21)-

Eq. 21 can be written in a more compact way as

90

Q = 1.8930 +Inb - + E(+ [bn(0. 6 7  (22)

I

It appears that in a medium of permittivity c 7, for dipoles of moment

I 7x 1 esu cm at T = 298.2 K, a sufficiently approximate value of4.7 
-8

Qcan be obtained for a>5xl0 cm by limiting n in Eq. 12 to n= 10.

Table III gives K as a function of r =a and Fig. 6 compares Eq. 20
Bj

with Eqs. 12 and 14 (although the comparison with Eq. 14 is not con-

sistent, the evaluation of AUn having been omitted in the evaluation
* nonel

of KBj). Equation 20 predicts obviously KBj = 0 for b = 0.67, which corres-
ponds to a = q. At this point the same refinement to KF, namely, the intro-

duction of a non-electrostatic potential change U can be applied to
nonel.

KBJ. The matter reduces to write the total potential change per molecule

of dimer
U =2kT-

3
er

-12-



giving

4 ,:c -2 q 2 er3kT)
- 1000 e f )rZdr

a

which becomes
b

* 4rLc e-z eY Y -2
KBJ 30 bj dY (3)

2/3

The above expression can be written in the form

K* * ~b

Bj=K bQ

Table III gives the values of KBj for various values of r. The same quantities

are depicted in Fig. 6.

c. Calculation of the Thermodynamic Parameters

We shall now proceed to calculate the thermodynamic parameters

relevant to the ultrasonic work namely the isoentropic AV 3 of the chemical

process of ion-pair dimerization to form quadrupoles. As the AV is related
S

to the AVT, the isothermal volume change of the process by the relation

AVS =AVT ------ AH °  (24)
pp

it will be necessary to calculate Alp as well. In the above e =bnV/ZT is

the expansivity, p and c the density and specific heat of the liquid, re-
p

spectively.

The calculation for AVT will follow analogous lines of the estimation

of AVT for the formation of ion-pairs from free ions after Hemmes [ 14].

The expression for the formation constant of quadrupoles to be bound to the

AV T has to be expressed in molality

dlnK AVT
(dp - -

T

and Km is related to the equilibrium constant expressed in molarities by

the relation

-13-
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InK InK+Inpm

Therefore
" dInK AV T (dino AVT
"- ) =n-\ =-- LT

dp ) RT \dp OT
TP T

with

g ( no) (dLnVY ) 1 (.V)p \dp =m -OlT=.v -2"

TT T

where is the isothermal compressibility of the liquid. We shall use

for K, Eq. 14

InK In 4TrLr 2 +
F 3000 - 3kT

dnK* 22

r3p de dp r 3kT d
T

1p 3 k dp 1

dpTr CkTT

Let us call after Fuoss r = a as the contact distance of collision between

two dipoles when they are defined as associated. Then by calling

b=-
3a ckT

) = /bdnedp " d-p )T

and

V T  -b fdlnc +T
" RT d P ) T + T

or

V= RT [b(.)dSn) " T (25)

-14-
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In order to have an evaluation of AVT in 1, 2-DME the following

approximate calculation will be performed. At 25 C for 1, 2-DME
3 5

the density p =0.8614gr/cm C15]and the sound velocityu=l.18x10 cm/

aec. The isoentropic compressibility 21 u -183.37x 10-gr-1 2Z esalapoiaeAse=(u) 837x0 g cm sec.
We shall approximate $Sft Also, for toluene Fuoss et al. C 16 1 reported

e 30( atm) = 2.375 and c£ (5808 atm) = 2.775, hence (dinc/dp) 3 0

2.7 xl0 5 atm . By retaining this value for 1,2-DME, the figure of Table IV

for AV T as a function of the distance a have been collected.

We shall now proceed to the calculation of A14 0 . From the expression
K *=Ke b

AG =-RTInK =-RTInK -RTbo F 0

and

S0 =-0RnK + Rb + RT

p

but

2 -2- l-l -
"( u b T T- 1-1;e C- + ZIT
BT a 3 k T a 3 k I e BT BT

22
J 1-2 -2~T]=- -rIn +1

U TJ

Then,

AS= RInK* + Rb-R Dn +T

AS R "nK -RTbZ)l-T (26)

also

-15-
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** 2 £n
AH 0 =AGo+TAS =-RTInK -RTb+RTInK -RT b-

=- bl + 12

0 UnTJ

In Table IV the calculated AH 's are reported. The parameters used
were c=7, p=14.7x118 esucm, while the value of dtnc/dT=5xl0 3

has been taken from the data of Jagodzinski [ 10 ] for THF, assuming a

similar temperature depence of e forl, 2-DME. This leads to (dne/dInT)

1.491. The above calculation is admittedly approximate, but as we are

looking for an order of magnitude of AV it appears adequate for the

purpose.

The calculation proceeds with the estimation of 0, the expansivity.

From the densities of THF with temperature of Jagodzinski [10J, one

" obtains
l=.I _V _ _ n_ _ 1 -3 K -

~1. 18 xl0
V 7T BT = T

between Z5 and -15 0 C. The specific heat of diethyl-ether [ 17] C (30 0 ) =
-p

2. 30 Joule/K, gr. Then the quantity

3=5.817xi- 4 cm

pCp 0.88 xZ.30 Joule

or

-11 3
5.817x 10 cm /ergs

3p
The term (0/pc )AH t expresbed in cm /mole is then reported in Table IVe.r(.p ) 0

together with the valculated AV Is according to Eq. 27.

So far for LiBF 4 in 1,2-DME and for LiC O4 in 1, 2-DME the values found

for the AV 's were of the order of 7-10 cm /mole. Judging from Table IV, one

would estimate a collision distance between the two dipoles of the order
-8of 6-7 x 10 cm, a very reasonable range of figures for any model envisaging

two dipoles of charge separation 2. 5 - 3 x 10 colliding to form a quadru-

pole. In addition, the experimental value of K the quadrupole formation
q _I

constant has been found to be in the range of 1-3 M . Judging from Table
equating K K would again lead toward a =6-7 x 10 8 cm.

q

-16-



It appears proper at this point to repeat the above sequence of
calculations with the Bjerrum-like function 20 of quadrupole formation
constant.

. 4et~a3 u2fbe

KB KobQ = 3 0 0 0  e Y2 dY
"' 4€"a 3 

J O ca kT 2/3

Given the relation

dtnK A
dp - RT OT

InK .=lnK +Inb+lnQ
dnKj o

-dnb db denQ dO db
_- dp db dp dQ db dp

.* Also

d bb (28)

and
" 2"-I d

db dee =-b dn
dp 3 de dp dp

a kTdpp

Therefore

* d~nK Bi r lb- l din
= - -L+--e 1-bdp Lb Q b 2 1  dp

db d n
dp Q J dp

and
b

AV kTrl +e ]1 dfn(
TtL Qb dp ~Tf(9

As done above, in order to calculate AVone needs an estimation of H
S 0Then:

-17-



AGo =-RT~nK B

MAG 0  rdnb d nQ dg] db

AS =--= Rn RT +db dQ db dT

as found above

db . dne

ASo : RtnK~j Q LT

Bj

b
b d i n , :

AS = RInK - R[l + ±b , + -rl (30)
0 Bj LQ b JLJ

and AH = AG 0 + TAS gives

* = AH° =-RT[+e -1 + dine (31)

Eqs. 30 and 31 have been evaluated by using the following parameters

(as done above): din,/dp = 2.7 x10-5at m - 1 2.65x 10 1 1 dyne- cm ;

ST S=83,4x10 " 12 dyne 1 cO2 7; 14.7x esucm;
OP"-3 1 -11 3

dine/dT= 5 x 10 K e/pc =5.817x10" cm /erg. The results for
p

AVT and AV S are reported in Table V for various collision distances a.

Notice that usage of K* rather than K affects AG and AS , bjit does
0Bj Bj

not affect AVT, A ° and hcnc6 AV as reported in Table V. Comparing

the results of Tables IV and V one may see that the results, especially

because of the AH term, differ widely. The values of the AV S , however,
I0

seem roughly comparable around a = 6-8x 10 cm. They also are of the

same order of magnitude as the experimental AV s. It would appear
-8

therefore that both theories suggest 6-8 x 10 cm as the average separa-

tion distance of the quadrupoles in solution of 1, 2-DME. Given for LiCO 4

the separation distance of the charges with dipole is ad = 3 x 108 cm
-18 - 10( ./e = 14.7xlO /4.8x10 " ) the above would imply a "solvated"

-18-



quadrupole. The situation may be different for LiBF in ZMTHF given
% ~-84

adi 2.5 x 10 cm and because two steps of association to quadrupoles

have been detected by ultrasonic relaxation techniques C 3 1.

For the case observed for LiBF4 in ZMTHF, the formation of

quadrupoles ought to be written according to the scheme C 3.J

2 LiB=- LiB... LiB_ (LiB)z

where B =ligand and LiB ... LiB is a solvent separated dimer. For LiBF 4

in 2MTH the formation constant for the second step of theabove scheme

has been estimated to be K z = 0.4. The calculation of AV., the volume

change associated with the second step will follow the same lines suggested

by Hemmes [ 14], based on the Kirkwood's expression [ 4] for the free

energy of a dipole in solution

2
=.i~ e-l

GL 3 2e +1

r 2

For the process LiB. .. LiB (LiB) 2 +S, where S is a solvent molecule,

one would then write

2 2 2
is - os] C-1

AG= -3 + 3- •2,t -1=-RT InK2  (32)
is r ros

where the subscript "is", "os" and "s" stand for inner-sphere, outer-sphere,

and solvent, respectively

BG2 2 2

AV2LT 3 3 3 Jdr e (2) ) + dp
r r r

giving
2 2 2
ILS +s os e-I 3c dfne

2#TT 3 3 +'3'3 (Zc~il) (Zc+l)(c-l) dp
ris r. ros

3RKd n (33)
AV2, T ="RTInKz 2(Zc+l)(c-I) dp

-19-



0.7

In order to perform the calculation of AV 2 ' the following figures have

been retained: .= 0. 4 e=7, dinc/dp = 3x10 atm . This gives

AV02, T = 0. 16 cm/mole. The same sequence as above will now be

followed for the calculation of AV 2 S

- 2 2 2

BAtG 2  r Pis + s Los]_ d e de
2 BT L r3 r3 r3lde Ze+1 dTro  ro

a 08

giving

2 2 P2
S0 11 is PS 0o 1 3e dIne

A - is + - ( ,) (Z+l)(e-)d
is r o a 0

o 3C din c3

SRTInK2 (2e+1)(c- 1) dT (34)

Then

-H = AG0 + TAS= RTnK. + RT2 nK 3c dtn
2,.-.. 2 (Ze+l)(e-i) dT

?-:' o RT.nH2 (2-c+I)(e-!,) d~n.T]• N0 =-- TI =r1- 3e dint~ (35)

The calculations of A with the same parameters as above, namely,
K - -.. d..x -3  a Ie4x100
. =0.4, e=7, dlnc/dT= 5x10 , gives H 18 ergs/Mole=

1.48 KJ/mole. Then, givbn e/ pc % 5.8xi0 -1  cm 3 /erg, it gives
3 p

AH 2 /Pc =0.86 cm /mole and

AV V. AH2 = 0.16-0.86 =-0.70 cm /moleV2,S s= 2, T" pcp 2

This figure appears to be smaller than the one calculated for a one-step
'A -8

process for a=6-8 x 10 cm. The same conclusion was reached by

Hemmes C 141 for the analogous case of a two-step association to ion-

pairs starting from free ions.

-20-
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Table I

Dielectric relaxation parameters co C' £ , fill f and specific
19' 291 2

conductivity x fr LiBF4 in 1.2- DME at the concentrations investigated

and t -25*C.

Ccccff x
0 ~ £ 21 2 -1 -1

(M) ___ (GHz) (GHz) (.Q cm)

0.092 9.0 7.0 2.6 2.5 35 6.0 x10-5

0.05 8.4 7.1 2.7 2.0 35 2. 7 x10-5

0.035 8.0 7.0 2.6 2.0 40 1. 75 x105

0.075 8.5 7.0 2.7 2.5 40 4.6 x10-5



Table II

Relaxation parameters A. B and fr, maximum excess sound absorption per

wavelength f. r= -fu) and sound velocity u f or LiBF4 in 1, 2 -DME

at the concentrations investigated at t-= 25*C. Calculated p 's using

3 -1Eqs. 7 and the parameters AV =6.8 cm /mole and K q2.4M

C A1017 B 017 fr PX05 uX1-5 I5

-1 2 -1 2 -(M) (cm s) (cm s) (MHz) (cms S

0.55 51 45 140 428 1.198 421

0.50 55 50 115 379 1.197 376

0.46 53 47 120 382 1.202 341

0.415 42 52 110 277 1.198 302

0.38 40 51 100 238 1.192 271

0.28 36 44 95 203 1.190 186

-22-



Table III

Values of b, K, KF., KO  KF , Q, KB' and KB, as functions of the parameter r for

- dipole-dipole interaction, where ij= 14.7 x 10 esucm, c= 7.0, T= 298K.

rx 10 8  b K KF  K KF Q Kja KBj*

cm MM M M -

12 0.4343 4.357 6.73 0.590 0.910

11 0.5637 3.356 5.90 0.454 0.798

10 0.7503 2.522 5.34 0.341 0.723 0.3234 0.61 0.082

9 1.029 1.838 5.14 0.249 0.696 1.1933 2.26 0.306

8 1.465 1.291 5.59 0.175 0.756 2.1828 4.13 0.559

7 2.187 0.865 7.71 0.117 1.044 3.5448 6.71 0.908

6 3.474 0.545 17.6 0.0737 2.377 6.3303 11.98 1.62

5 6.002 0.315 127.4 0.0427 17.27 20.597 38.97 5.27

a
Notice that following Eq. 20 K K bQ, Q has been calculated with the series

Bj 0

expansion up to n=10. Also q=10.40x10 cm in this case.

o23
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Table IV

Calculated AVT, AHo and AVS for a dimerization of dipoles in 1,2-DME at T=Z98.2K

according to Eqs. 14, 25 and 27.

a b
Sx 108 RTb dtne RTO AVT AHo  (0/pc )AH AV

dp0 0
(cm) cm3/mole cm3/mole cm3 /mole KJ/mole cm3/mole cm3/mole

12 0.Z8 2.07 -1.79 -2.68 -1.56 -0.Z3

11 0.37 2.07 -1.70 -3.48 -2.02 0.32

10 0.49 2.07 -1.58 -4.63 -2.69 1.11

9 0.67 2.07 -1.40 -6.35 -3.70 2.30

8 0.96 2.07 -1.11 -9.05 -5.26 4.15

7 1.43 2.07 -0.64 -13.5 -7.86 7.22

6 2.26 2.07 0.19 -21.5 -12.5 12.7.

5 3.91 2.07 1.84 -37.1 -21.6 23.4

4 '7.64 2.07 5.57 -72.4 -42.1 47.7

10
SAHo=-2.68KJ/mole = -2.68 x 10 ergs/mole, etc.

AV M AVT -- AHo .
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Table V

Evaluated AVT, AH0 and tAVs for a dimerization of dipoles in 1,2- DME at T 298. ZK

* according to Eqs. 29 and 31.

8a b
a x 108 VT H (O/Pc )AHO V

3 3 3
(cm) cm /mole ergs/mole cm /mole cm /mole

10 4.32 -6.00 x 10 11 -34.90 39.2

9 0.09 -2.02 x 10 ~ -11.77 11.9

8 -0.52 -1.45 x lol0 8.45 7.93

7 -0.65 -1.33 x 10l 7.74 7.09

6 -0.45 -1.52 x l1l0 8.84 8.39

5 +0.74 -2.64 x 101 -15.35 1.

a 1
Mo - -6. 00 x 10 ergs /mole =-60. 0 KJ/mole etc.

b 0
laa= AVT - - H

PC

-25-
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Figure Captions

0
S Fig. 1 a. Log 1 0 vs. log 1 0 c for LiBF 4 in I,Z-DME at Z5 C.

ii .. b. ^ g(c) v,.. c (l L o,-r i BF'4 i 1, 'z'DM at250 C"

Fig. I Representative plot of c' and c" vs. f for LiBF4 in l,-DME at

<. t = 25°C.

foLiBF4 in l, 1-DME at Z52.

- Fig.4 Bfttcher plot for LiBF 4 in 1, 2-DME atat 5

Fig -ersnaiepoto n "v

Fig. 5 a. ri vs.c for LBF4 ,2-DME, t = 25C.

b. (Tc 2/Z2s$rmRT) vs. c for LiBF 4 in 1,2-DME at 25°C.

c. Calculated (solid line) and experimental values of pm vs. c

for LiBF 4 in 1, 2-DME at t = 25 0 C.
* K*

Fig. 6 Plot of the functions K., KF, KBj and KBj vs. the dipole-dipole

separation distance in a medium of permittivity e 7 for dipoles

of moment p.=14.7x10 "18 esu cm at T = Z98.2K.
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10* t2C
/ LiBF4in 1.2.-DME
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40KBj,KF4=KFe -2 and K B=KB -2 fo

dipole associators;QzL=14.7x10' 8 esu cm,
CS7.0 ,T=298.2K).
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