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Molar conductivities of ByNBPh,, BUNNGO;, LINO;, NaNO;, KNO; and AgNQ, have been reported
in pure DMF and DMSO in the temperature range from 20 t&C45The conductance data have be
analyzed in terms of limiting molar conductivity, and ion-association constaij,. Separation of
/o into ionic components§\i0 has been carried out on the basis of)NEPh, assumption in order to
calculate the effective ionic radij in DMF and DMSO. Examination af values of K and Ad ions
as a function of temperature revealed some specific interactions*ebgvith DMF and DMSO. In
DMSO electrostatic ion—dipole interaction of LNa" and K’ ions is found to be somewhat modifie
due to dipole—dipole interaction.

In dipolar aprotic solvents, solvation of small closed electron-shell cations likerN
K™ is attributed to electrostatic effettSolvation of Ag ion, a transition metal catior
of d'%electronic structure, is, however, also described in terms of specific interac
with electron donors likl,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO)
acetonitrile (AN),N-methylpyrrolidine (NMPy), formamide and hexamethylphospt
triamide (HMPT). Since crystallographic radius ofAgn? (0.126 nm) is fairly close to
that of K" ion?(0.133 nm), the specific interactions of #gn reinforce its electrostatic
interaction. lon—solvent interaction of Agn in such solvents is thus expected to
stronger than that of Kon.

It is, therefore, interesting to extend these considerations to a solvation study ¢
with special reference to*Kand Ad ions in pure DMF and DMSO in temperatul
range of 20 to 45C using conductance measurements. The choice of different
peratures have been made in order to facilitate the possible difference of ion sol
with regard to the specific interactions.

* The author to whom correspondence should be addressed.
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EXPERIMENTAL

Solvents

DMF and DMSO (AR grade) were purified as described earliehe middle fractions of distilled
DMF and DMSO of specific conductance in the range of 1 — 78 3@ni! were collected and
stored with pre-dried 4 A molecular sieves.

Salts

Lithium nitrate, sodium nitrate and potassium nitrate, all AR grade, were dried under vacuu
about 36 h at 100 — 15TC, while silver nitrate (Merck) was dried under vacuum for about 2.
before use. Pure samples of tetrabutylammonium nitratgN(BQ@;) and tetrabutylammonium tetra
phenylborate (BNBPh,) were synthesized as suggested by Fuoss“étaald kept under vacuum fol
2 — 3 days before use.

Conductance Measurements

The concuctivity of electrolyte solutions were measured at 1 kHz with a digital conductivityn
type NDC-732 (Naina Electronics) in two conductivity cells with the cell constants of 0.568
0.268 cm?, respectively. Cell constants at 26 were determined with aqueous potassium chlor
solution in the concentration range of (5 — 100) 100l I using the method proposed by Fuo:
et al®. The conductivity cells with bright platinum electrodes were similar in design as cells us
Shedlovsky. The conductivity measurements were carried out in a water thermostat (MLW-Bal
U7C) with the accuracy 0£0.05 °C. The precision of conductivity data was found to be witt
+0.2%.

Viscosity, Density and Dielectric Constant Measurements

Viscosity measurements were carried out in a water thermostat with accura€yldfC using a
calibrated Ubbelohde suspended bulb viscometer. The precision of efflux timesdw@as. Overall
accuracy of viscosity measurements was found teth&%.

Density measurements were made in a water thermostat with the accusstp®fC using two
different calibrated sealable pycnometers of capacity 20 and 25 ml. The average value of 4 —
ings at each temperature is reported. Overall accuracy of density measurements was estimat
+0.1%.

The dielectric constants of pure DMF and DMSO in range of temperatures from 20 @owre
obtained by interpolation using data for DMF reported by Leader and GYraleg for DMSO by
Yao and Bennich

RESULTS AND DISCUSSION

Molar concentrationC and corresponding molar conductivit, of Bu,NBPh,,
Bu,NNO3, LINO;, NaNGQ;, KNO5 and AgNQ,in pure DMF and DMSO at 20, 25, 3(
35, 40 and 43C have been reported in Table | and Table Il, respectively. The anz
of conductivity data in terms of limiting molar conductivity, and ion-association
constanK, of electrolyte have been carried out iteratively according to the Shedlo
equationt®!'by the least squares treatment. Dielectric cond@aand viscosityn, used

Collect. Czech. Chem. Commun. (Vol. 60) (1995)



Transport Behaviour of lons

45

TaBLE |

Molar concentrationC (mol | ™) and the corresponding molar conductivit(S cnf mol™®) of some
electrolytes in DMF at different temperatures

20°C 25°C 30°C 35°C 40°C 45°C
c.10 A c.1d A c.1d A c.1d A c.1d A cC.100 A
Bu,NBPh,
517 465 5806 49.7 517 52.3 480 564  8.210 58.2 5170 6
1021 451 1150 476 1021 51.1 950 551 1220 575 1220 ¢
15.14 446 1796 46.4 1514 50.1 1526 543 1514 57.0 18.03 ¢
20.80 438 2525 456 20.89 49.0 20.88 539 2648 554 20.89 &
2022 43.0 33.19 446 2922 482 2744 530 29.22 546 26.48 &
31.92 425 4344 438 3192 480 2591 522 3546 541 3192 &
3546 424 53.31 429 3807 473 4408 515 38.07 53.8 3546 &
38.07 420 57.00 424 4404 469 48.09 51.1 44.04 53.1 44.04 &
Bu,NNO;,
487 740 487 814 487 85.0 487 859  4.87 90.6 487 9
713 731 967 796 9.67 825 9.87 834 967 878 9.67 O
1054 72.0 1439 782 1439 80.6 1439 814 1439 856 1439 ¢
13.85 709 21.34 767 2134 787 2134 792 2134 831 2134 ¢
17.07 699 2812 753 2812 76.8 2812 77.1 2812 809 2812 ¢
20.72 68.7 3476 741 3476 754 3476 758 3476 79.0 3476 &
31.92 66.4 4231 731 4239 737 4239 740 4239 772 4239 &
40.79 65.1 4966 719 49.66 72.0 49.66 724 4966 755  49.66 7
NaNQ,
587 76.9 484 812 484 86.1 484 912 484 96.4 4.84 10
1153 747 1000 785 10.00 83.5 1000 88.0 10.00 93.00 10.00 ¢
17.13 732 1489 767 1489 81.6 1489 856 1489 905 14.89 ¢
2533 714 2208 748 2208 79.4 2208 831 22.08 873 2208
3330 699 2910 728 2910 77.7 29.10 809 29.10 850 29.10 C
41.04 677 3596 712 3596 759 3596 789 3596 829 3596 ¢
49.80 66.6 4377 69.8 43.77 741 4377 77.1 4377 811 4377 ¢
58.29 653 51.38 684 51.38 726 5138 753 51.38 792 5138 ¢
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TaBLE |
(Continued

20°C 25°C 30°C 35°C 40°C 45°C

c.10 A c.1d A c.1dd A c.1d A c.1d A cC.100 A

KNO,

471 794 471 845 471 89.7 471 93.6 471 100.2 4.71 10
9.97 773 9.97 823 9.97 875 9.97 913 9.97 973 9.97 10
1481 76.1 14.81 80.9 1481 85.6 14.81 89.8 1481 95.6 14.81 10
21.89 74.2 21.89 794 21.89 83.7 21.89 87.7 21.89 931 21.89
28.78 725 28.78 77.6 28.78 82.2 28.78 85.9 28.78 909 28.78
35.47 714 35.47 76.2 35.47 80.7 35.47 844 35.47 894 3547
43.05 70.0 43.05 75.0 43.05 79.1 43.05 827 43.05 875 43.05
50.38 69.3 50.38 73.8 50.38 77.8 50.38 814 50.38 86.1 50.38

o WO WO O 0

AgNO,

493 74.8 493 T77.7 3.71 837 3.71 89.0 3.71 934 371 9

9.79 70.0 9.79 746 737 78.4 7.37 82.8 737 870 737 9
1457 64.2 14.57 70.7 1099 74.6 10.99 78.8 1099 83.1 10.99
21.60 59.4 2160 67.1 1457 71.0 1457 754 1457 78.7 1457
28.47 55.2 28.47 634 19.28 66.5 19.28 70.1 19.28 73.8 19.28
35.19 513 35.19 60.0 2391 63.3 2391 66.1 2391 698 23091
42.83 47.3 42.83 56.4 29.60 59.6 29.60 62.7 29.60 66.4 29.60
50.28 44.4 50.28 53.2 35.19 56.5 35.19 594 3519 627 3519

D OO ~N~N OO O

for the analysis of the presented conductivity data are reported in Table Ill. The \

of AgandK, obtained for various electrolytes have been reported in Table IV.
Except for ByNBPh, and AgNQ, in DMF at 25°C, the A, values for rest of the

electrolytes reported in Table IV were in good agreement with literature.

Limiting lonic Conductivity)\i0 and Effective lonic Radii,iin DMF and DMSO

Separation of limiting molar conductivitf, into limiting ionic conductivityA? has
been achieved on the basis of,8BPh, assumptiof? using Eqs 1) and @),
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TasLE Il
Molar concentrationC (mol | ™) and the corresponding molar conductivit(S cnf mol™®) of some
electrolytes in DMSO at different temperatures

20°C 25°C 30°C 35°C 40°C 45°C
c.10 A c.1d A c.1d A c.1d A c.1d A cC.100 A
Bu,NBPh,

507 202 462 222 507 245 466 26.7 8.06 29.0 5.07
10.02 19.5 9.15 21.8 10.02 24.0 9.23 260 10.02 28.7 10.02
1485 19.2 1359 215 1390 23.7 1371 255 1485 279 14.85
2050 18.7 20.09 212 17.69 232 2026 249 17.70 275 17.70
2599 185 2642 20.8 2142 23.0 2669 245 2599 26.8 20.50
31.32 183 3457 202 26.89 229 3486 240 3132 264 23.26
34.80 182 4242 200 3220 227 4278 236 3480 26.0 28.67
40.73 17.9 4745 19.9 4403 218 4753 235 4073 256 37.36

Bu,NNO;,

487 334 487 375 487 413 487 45.1 487 47.0 4.87
9.55 33.0 9.67 37.0 9.67 40.7 9.67 44.2 9.67 46.3 9.67
14.18 321 1439 365 1439 40.2 1439 435 1439 456  14.39
20.96 31.4 2134 359 2134 39.6 21.34 426 2134 450 21.34
2756 30.8 2812 354 2812 39.2 2812 420 28.12 446 28.12
3356 305 3476 349 3476 39.0 3476 415 3476 440 34.76
4122 30.0 4236 345 4231 386 4231 410 4231 436 4231
4825 294 4966 342 4966 383 49.66 405 49.66 432 49.66
LINO,

451 33.8 525 36.7 525 40.8 451 44.4 451 49.0 451
898 335 1041 365 1041 40.3 8.08 43.8 8.98 482 8.98
1559 33.0 1550 36.1 1550 399 1550 432 1550 47.4  15.50
2212 326 2297 358 2297 395 2297 427 2297 467 2297
30.66 32.3 3028 353 3028 39.1 3028 422 3028 46.0 30.28
39.05 31.8 3742 350 37.42 387 37.42 418 3742 455 37.42
4930 316 4555 349 4555 385 4555 415 4555 450 4555
59.32 31.1 5348 346 5348 380 53.48 411 5348 444  53.48
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TasLE Il
(Continued
20°C 25°C 30°C 35°C 40°C 45°C
c.10 A c.1d A c.1dd A c.1d A c.1d A cC.100 A
NaNO,
582 375 499 39.1 499 43.6 4.99 476 499 497 4.99 5/
1153 37.0 9.91 38.1 9.91 42.9 9.91 46.7 9.91 486 9.91 52
17.13 36.4 1474 374 1474 423 1474 459 1474 478 1474 5
2533 358 21.86 36.7 2186 415 21.86 451 21.86 46.8 21.86 5l
33.30 351 28.81 36.0 2881 410 28.81 444 28.81 459 2881 &
41.04 330 3560 355 3560 40.5 3560 43.8 35.60 451 3560 4
49.80 325 4334 351 43.34 39.8 4334 432 4334 444 4334 4
5829 322 50.88 34.6 50.88 39.3 50.88 425 50.88 43.7 50.88 4
KNO,
5.04 37.6 4.92 403 492 445 4.92 485 492 525 4.92 &€
9.99 37.0 9.75 39.8 9.75 43.8 9.75 47.8 9.75 51.8 9.75 5€
14.84 36.8 1452 394 1452 432 1452 472 1452 51.1 1452 5
2194 364 2152 388 2152 426 2152 466 2152 504 2152 5
28.83 36.2 28.37 384 2837 421 2837 460 28.37 49.9 28.37
3554 349 3506 380 3506 416 3506 456 3506 49.3 35.06
43.13 347 4268 376 4268 41.1 4268 451  42.68 488 42.68 5.
50.48 34.4 50.10 37.3 50.10 40.7 50.10 447 50.10 484 50.10 5:
AgNO;
499 375 499 418 499 454 4.99 498 499 527 4.99 5¢
490 36.9 9.90 41.2 9.90 44.6 9.90 49.0 9.90 51.6 9.90 5-
14.74 36.4 1474 405 1474 441 1474 483 1474 507 14.74 5
2185 358 21.85 39.9 2185 432 21.85 474 21.85 499 2185 5
28.80 353 28.80 39.4 2880 426 28.80 46.8 28.80 49.2 2880 5
3559 349 3559 39.0 3559 421 3559 462 3559 48.7 3559 5
43.32 344 4332 384 43.32 41.6 4332 457 4332 47.9 43.32
50.85 340 50.85 38.0 50.85 41.1 50.85 451 50.85 47.2 50.85
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Mun'  0.535-(0.0103D +,) .
Afng-  0.500-(0.0703D +r) &

No(Bu,NBPh) = )\%U4N+ + )\I03h4B' , 2

where 0.535 and 0.500 are the crystallographic radii gBPand ByN*ions, respec-
tively, D is the dielectric constant of the solvent ap an adjustable parameter take
to be equal to 0.085 nm for DMF and 0.113 nm for DMSO*®efThe values of PjB~
and ByN*ions in DMF and DMSO in the range of temperature between 20 ah@ 4
have been reported in Table V.

The A? values of Lf, Na", K*, Ag* and NG ions shown in Table V were the
obtained from thé\yvalues (Table 1V) using Kohlrausch'’s law of independent limiti
ionic conductivity. The\? values for NQ ion in DMF for temperatures from 20 to 40
were determined by Gill and Bak$hand are reported in Table V, as wellMs/alues
for Na'" ion in DMSO in temperature range of 25 to 45, determined by Yao anc
Benniorf. A good agreement between these two sedd ohilues for NQ and N&ions
at different temperatures indicate the accuracy of the presented conductivity date

UsingA? values for Lt, Na*, K*, Ag*, Ph,B~, NO; and ByN*ions from Table V, the
effective ionic radiir; in DMF and DMSO are calculated by E).(

TasLE IlI
Viscosity ng (kg mit 1), dielectric constanD, and densityd (kg m°) of DMF and DMSO at dif-
ferent temperatures

DMF DMSO
Temperature
°C
No . 16 D? d.10° No. 10° D? d.10°

20 0.849 37.7 0.9483 2.215 47.2 1.1012
25 0.802 36.7 0.9435 1.996 46.4 1.0949
30 0.755 35.9 0.9394 1.803 45.6 1.0914
35 0.710 35.1 0.9344 1.645 447 1.0846
40 0.669 34.4 0.9300 1.488 44.1 1.0800
45 0.633 334 0.9252 1.385 43.3 1.0758

2 Interpolated using data from rf&for DMF and from ref. for DMSO.
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r,=0.82 A’ g+ (0.0103D +r,) ©)

Equation 8) is an empirical modification of the Stokes’ law suggested byGill
obtain the effective ionic radii in non-aqueous solvents by addition of a term pre
tional to dielectric constam® of the solvent. The values for LT, Na", K* and Ad ions
are reported in Table VI.

Solvation of LT, Na", K" and Ad lons in DMF and DMSO

The crystallographic radii of Lj Na", K* and Agd' ions are equal to 0.06, 0.095, 0.1:
and 0.126 nm, respectivélyThey decrease in the ordef ¥ Ag* > Na" > Li*. From
simple electrostatic considerations it is, therefore, expected that the effective ionic
r; of these ions in DMF and DMSO should decrease in the order Na" > Ag™ > K*.
However, a pursual of Table VI indicates that at all temperaturers #adues of these
ions decrease in the order:*l5 Na" = K* > Ag* contrary to expectations.

Another striking feature of Table VI is that thevalue of Ag ion, equal to 0.41 nm,
is independent on temperature in both DMF and DMSO. Simitarglues of LT ion
(= 0.51 nm) Naand K ions & 0.44 nm) were found to be independent on tempera
in DMSO. In DMF, howeverr; values of LT, Na" and K ions decrease with risinc
temperature.

If we take an account of free energy of solvatiaGg(M*) of K* and Ag ions in
DMF and DMSO QAGg(K*) = -82.8 kcallg ion* in DMF and-83.5 kcal/g ion in
DMSO, ref!®) and free energy of transfAG,(M*) of K* ion from water to DMF and
DMSO (AG,(K*) =-2.2 kcallg ion in DMF and-2.5 kcal/g ion in DMSO, ref) one
finds that K ion follows the same pattern of solvation in both DMF and DMSO. |
therefore interesting to note that like Aipn, r; value of K ion is independent on
temperature in DMSO.

Parker et al® have shown that the solvents which solvate cations through oxy
the main factors influencing solvation of Knd Ad ions are primarily of electrostatic
nature modified by structural effects due to the solvent—solvent interaction. Since
is an evidence for molecular association in DMSO due to the dipole—dipole int
tion!, constant; value of K ion in DMSO thus supports this conjecture. Similar arg
ments holds with respect to constanfor Li* and N& in DMSO.

From free energy of solvatioAGg(M*) for Ag*ion in DMF and DMSO £Gg(Ag*)
= -118.6 kcal/gramion in DMF an€122.5 kcal/gramion in DMSO, réf) and that of

* 1 kcal = 4.184 kJ.
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K*ion as reported above, it is further evident that idg, as compared to *Kon, is
much more solvated by DMF and DMSO. Moreover, a comparisé&GgfM™) for K*
ion with Ag" ion from water to dimethylthioformamide (SDMF), DMSO and HMF
indicate some specific interactions of gn but not of K ion with these solvent%
Constantr; value of Ag ion in DMF and DMSO over the entire temperature rar
reported in Table VI appears to indicate that in addition to electrostatic effeétimnAc
undergoes some specific interactions with DMF and DMSO.

Now, turning to the effective ionic radii of NOBu,N* and PhB~ ions, it has been
found that their; values in DMF and DMSO are equal#®.32 nm,~ 0.50 nm and
= 0.53 nm, respectively, in the temperature range of 20 t6C45Moreover, these
values have been found to be very close to their crystallographit!%itecan be
therefore concluded that these ions are unsolvated in DMF and DMSO. Anion
large ions are known to be unsolvated in dipolar aprotic sofv&hts
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