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Thermodynamic Properties of Inorganic Salts in Nonaqueous Solvents. lll.
Apparent Molar Volumes and Compressibilities of Divalent Transition-Metal
Chlorides in N,N-Dimethylformamide

Dorota Warmiri ska,* Joanna Krakowiak, and Wactaw Grzybkowski

Department of Physical Chemistry, Chemical Faculty, Gi#adniversity of Technology, 80-952 Gadsly Poland

The densities of divalent transition-metal chloridediN-dimethylformamide have been measured over the whole
composition range at (283.15, 293.15, 298.15, 303.15, 313.15, 323.15, and 333.15) K. From these densities,
apparent molar volumes and partial molar volumes of the salts at infinite dilution as well as the expansibilities
have been evaluated. The apparent molar isentropic compressibilities of transition-metal chlorides in DMF have
been determined from sound velocity data obtained at 298.15 K. The results have been discussed in terms of
complex formation.

Introduction Formation of chloro complexes of manganese(ll), cobalt(ll),
. . . . . nickel(ll), copper(ll), and zinc(ll) in DMF was studied by
The volumetric and ultrasonic properties of divalent transition- calorimetry and spectrophotomefry The authors demonstrated
metal perchlorates iN,N-dimethylformamide and acetonitrile  {hay 5| the monochloro complexes of transition-metal(ll) ions
were the subject of our previous papéfsThe obtained  paye an octahedral structure, and almost all di-, tri-, and
sequences of limiting apparent molar volumes and the limiting terachioro complexes appear as tetrahedral species. The spec-
apparent molar isentropic compressibilities of the transition- trophotometric results confirm the high tendency of thé&*Ni

metal perchlorates within the manganesettinc(ll) series cation toward an octahedral structure, resulting in the formation
) of six-coordinated mono- and dichloro complexes of nickel(ll)
Mn(CIO,), > Co(CIQ,), > Ni(CIO,), < Cu(CIO,), > in DMF solutions of NiC} in the whole range of concentrations,
Zn(ClOy), and the tetrahedral complexes are formed in more concentrated

solutions only. The presence of the NiCI(DMFNiClsDMF-

reflect effects related to the electronic structure and the ionic Complex electrolyte has been established in a more concentrated
radii of metal cations. The results indicate that the structural solution of NiCb in DMF.? The properties of Coglin DMF
factors controlling the properties of divalent transition-metal Solution are determined by high stability of pseudotetrahedral
cations are related to the ligand field stabilization effect. It trichloro complexes of cobalt Co§DMF~ accompanied by the
should be noted that the values of limiting apparent molar octahedral cationic species CoClI(DMFdnd Co(DMF§*.10.11
isentropic compressibility of the manganeseti#t)nc(ll) per- Almost in the whole concentration range, Co@ppears in DMF
chlorates in DMF are practically, within experimental error, as a complex electrolyte Co(DN@f)ZCoClgDMF* type.
constant.

The present work was undertaken to study an influence of EXperimental Section
complex formation on the apparent molar volumes at (283.15,  1hg olid DMF-solvated metal chlorides were prepared in a
293.15, 298.15, 303.15, 313.15, 323.15, and 333.15) K and the, 5y, similar to that for the perchlorates reported previodsly.
apparent molar isentropic compressibilities at 298.15 K for DMF 16 temperature during the removal of an excess of solvent
solutions of chlorides of the_ divalent metal cations belonging ;a5 343 K. The stock solutions of the metal chlorides were
to the Mn(l) to Zn(ll) series. Moreover, an influence of  ganqardized by titration with EDTA. At least ten determinations
temperature on the limiting values of the apparent molar volume \yere carried out for each of the solutions, and the relative errors
of the metal chlorides is studied. were smaller than 0.1 %. Solutions for density and speed of

The transition-metal halides dissolved in strongly polar sound measurements were prepared by weighed dilutions.
solvents which behave like electrolytes. It seems to be obvious Details of measurement procedures and their errors are identical
that the most important factor controlling the electrolytic to those described previoushf.The densities of the solutions
properties of their solutions is the relative stability of the were measured using an Anton Paar DMA 5000 densimeter with
tetrahedral and octahedral complexes. The coordination geom-a thermostate system based on a Peltier unit with a repeatability

etry around the metal ion changes upon complexation. of 1.0-10-8 kg-m~—2 and an uncertainty of 5:00~3 kg-m~2. The
temperature was kept constant at (283.15, 293.15, 298.15,
* Corresponding author. E-mail address: dorota@chem.pg.gda.pl. 303.15, 313.15, 323.15, and 333.15) K with an accuracy of 0.001
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Table 1. Densitiesd of the Solutions of the Metal Chlorides in DMF at Different Temperatures

d/kg-m~3
mymol-kg—t T=283.15K T=293.15K T=298.15K T=303.15K T=313.15K T=323.15K T=333.15K
MnClz
0.04624 962.590 953.076 948.310 943.542 933.965 924.343 914.669
0.06428 964.332 954.820 950.056 945.286 935.713 926.096 916.423
0.09217 967.038 957.528 952.763 947.988 938.421 928.811 919.148
0.1143 969.210 959.696 954.925 950.152 940.583 930.979 921.318
0.1371 971.425 961.910 957.146 952.375 942.812 933.206 923.554
0.1848 976.113 966.588 961.824 957.054 947.495 937.898 928.260
0.2303 980.630 971.096 966.324 961.561 952.000 942.403 932.768
0.2759 985.198 975.658 970.889 966.113 956.562 946.978 937.350
0.3186 989.506 979.952 975.177 970.405 960.846 951.260 941.644
0.3621 993.925 984.354 979.577 974.803 965.244 955.662 946.053
0.4066 998.488 988.910 984.128 979.352 969.792 960.216 950.606
0.4492 1002.850 993.259 988.473 983.694 974.133 964.558 954.960
DMF 958.124 948.611 943.840 939.073 929.490 919.855 910.162
CoClh
0.03256 961.446 951.934 947.164 942.391 932.806 923.170 913.477
0.04604 962.841 953.329 948.560 943.786 934.200 924.564 914.868
0.06503 964.805 955.294 950.526 945,751 936.166 926.532 916.836
0.08297 966.667 957.154 952.386 947.613 938.030 928.392 918.698
0.09936 968.358 958.847 954.078 949.306 939.723 930.090 920.490
0.1327 971.824 962.310 957.545 952.770 943.191 933.558 923.862
0.1626 974.954 965.440 960.675 955.901 946.325 936.697 927.006
0.1950 978.345 968.837 964.070 959.300 949.724 940.096 930.410
0.2258 981.574 972.065 967.300 962.531 952.954 943.336 933.650
0.2584 985.027 975.520 970.757 965.988 956.417 946.793 937.112
0.2910 988.485 978.977 974.216 969.447 959.880 950.263 940.589
0.3225 991.882 982.380 977.612 972.845 963.280 953.675 944.000
DMF 958.077 948.565 943.797 939.025 929.440 919.807 910.120
NiCl,
0.03259 962.082 952.450 947.629 942.808 933.149 923.470 913.752
0.04688 963.743 954.073 949.237 944.400 934.728 925.034 915.307
0.06402 965.693 955.984 951.134 946.288 936.602 926.900 917.168
0.08077 967.611 957.870 953.012 948.154 938.450 928.739 919.009
0.09656 969.403 959.631 954.763 949.895 940.183 930.465 920.731
0.1290 973.099 963.284 958.396 953.517 943.780 934.047 924.300
0.1602 976.640 966.785 961.878 956.984 947.224 937.476 927.718
0.1936 980.460 970.565 965.641 960.734 950.949 941.185 931.418
0.2240 984.004 974.071 969.128 964.209 954.393 944.614 934.841
0.2553 987.592 977.628 972.675 967.740 957.911 948.115 938.325
0.2849 991.072 981.075 976.108 971.156 961.300 951.488 941.688
0.3174 994.846 984.819 979.836 974.874 964.990 955.164 945.357
DMF 958.077 948.565 943.797 939.025 929.440 919.807 910.120
CuCh
0.04589 963.051 953.520 948.740 943.959 934.353 924.694 914.982
0.06604 965.227 955.686 950.901 946.116 936.500 926.833 917.110
0.08998 967.814 958.263 953.474 948.680 939.052 929.374 919.635
0.1154 970.570 961.008 956.214 951.414 941.773 932.082 922.330
0.1355 972.774 963.200 958.403 953.593 943.944 934.243 924.480
0.1828 977.958 968.365 963.553 958.739 949.069 939.344 929.554
0.2256 982.714 973.103 968.285 963.455 953.763 944.016 934.205
0.2659 987.200 977.571 972.743 967.913 958.201 948.438 938.610
0.3096 992.122 982.473 977.637 972.786 963.062 953.275 943.422
0.3541 997.168 987.500 982.657 977.793 968.041 958.230 948.350
0.3961 1001.957 992.272 987.415 982.551 972.780 962.949 953.050
0.4388 1006.900 997.196 992.327 987.456 977.662 967.814 957.890
DMF 958.124 948.611 943.840 939.073 929.490 919.855 910.162
chlz
0.04462 962.503 952.966 948.188 943.406 933.803 924.158 914.465
0.06243 964.265 954.715 949.933 945,146 935.547 925.902 916.200
0.08859 966.878 957.313 952.524 947.727 938.110 928.450 918.744
0.1331 971.364 961.766 956.965 952.155 942,518 932.850 923.130
0.1783 975.981 966.350 961.530 956.713 947.055 937.368 927.640
0.2208 980.357 970.694 965.856 961.028 951.335 941.642 931.908
0.2664 985.118 975.422 970.574 965.724 956.018 946.289 936.527
0.3080 989.513 979.781 974.918 970.059 960.330 950.590 940.821
0.3501 993.990 981.226 979.352 974.481 964.728 954.963 945,176
0.4350 1003.136 993.308 988.400 983.499 973.697 963.890 954.072
DMF 958.124 948.611 943.840 939.073 929.490 919.855 910.162

K according to the manufacturer declaration. Before each density at 298.15 K. The density value of (943.£20.069)
measurement series, the accuracy of the density measurementsg-m=2 for N,N-dimethylformamide was found in the present
and the purity of the solvent were verified by measuring its study, whereas literature values vary from 944.03nkd to
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Table 2. Speed of Soundi, Adiabatic Compressibility Ks, and Table 3. Coefficients of Equation 1 for Density of the Solutions of
Apparent Molar Compressibility ®ks of the Metal Chlorides in the Metal Chlorides in DMF at Different Temperatures
DMF at 298.15 K
Ao Ay A a4
ms u 10"%Ks 10%dxs salt kgm=3  (kg2m~-3-mol-1)12 kg-mol-1 kg-m~3
salt motkg* m-s* m*N"t  m*N~mol™* 283.15 958.124  0.01%0.0034 0.099- 0.00020 0.018
0.09217 1460.90 4.918 —6.94 293.15 948.611 0.01F 0.0043 0.0994t 0.00026 0.021
MnCl, 0.1371 1462.81 4.882 —6.90 298.15 943.840 0.012 0.0045 0.099%# 0.00027 0.022
0.1848 1464.89 4.845 —6.85 MnCl, 303.15 939.073  0.012 0.0047 0.1002: 0.00027 0.024
0.2303 1466.82 4.810 —6.79 313.15 929.490  0.022 0.0056 0.101H 0.00032 0.028
0.9759 1468.89 4774 —6.76 323.15 919.855  0.02% 0.0062 0.1021 0.00036 0.031
0.3186 147078 4701 671 333.15 910.162  0.02& 0.0069 0.1032-0.00040 0.033
03621 147285 4706 668 283.15 958.077  0.024 0.0047 0.1044- 0.00032 0.020
0.4066 1475.02 4670 666 293.15 948.565  0.024 0.0051 0.1054: 0.00033 0.020
0.4492 147710 4637 662 298.15 943.797  0.024 0.0049 0.1059 0.00034 0.021
: : : : CoCh 303.15 939.025  0.024 0.0048 0.1065: 0.00033 0.021
0.06503 1458.95 4.943 —6.60 31315 929440  0.0240.0051 0.1076- 0.00037 0.022
0.09936 1460.07 4.917 —6.64 32315 919.807  0.022 0.0053 0.1089 0.00037 0.021
0.1327 1461.38 4.890 —6.68 333.15 910.120  0.024 0.0085 0.109% 0.00059 0.036
0.1626 1462.35 4.868 —6.70 283.15 958.077  0.09% 0.0036 0.1111 0.00025 0.016
CoCk 0.1950 1463.62 4.842 —6.72 293.15 948565  0.074 0.0040 0.1118 0.00028 0.015
0.2258 1464.95 4.817 —6.75 298.15 943.797 0.06% 0.0034 0.1122-0.00024 0.015
0.2584 1466.38 4.791 —6.77 NiCl, 303.15 939.025 0.05% 0.0032 0.1126+ 0.00023 0.014
0.2910 1467.81 4.764 —6.78 313.15 929.440  0.04Z 0.0031 0.1134-0.00018 0.011
0.3225 1469.25 4.738 —6.79 323.15 919.807  0.04%0.0029 0.1143-0.00021 0.012
0.06402 1459.61 4.935 —8.60 333.15 910.120  0.03% 0.0036 0.1153-0.00025 0.015
0.09656 1461.03 4.907 —-8.51 283.15 958.124  0.016 0.0046 0.1097- 0.00026 0.022
0.1290 1462.45 4.879 —8.42 293.15 948.611  0.024 0.0038 0.110% 0.00022 0.018
0.1602 1463.88 4.851 —8.36 298.15 943.840 0.01% 0.0044 0.1106: 0.00026 0.023
NiCl, 0.1936 1465.30 4.823 —-8.27 CuChL 303.15 939.073 0.01% 0.0043 0.1109 0.00024 0.021
0.2240 1466.38 4.799 —8.14 313.15 929.490  0.016 0.0043 0.1116- 0.00026 0.022
0.2553 1467.81 4.772 —8.09 323.15 919.855 0.014 0.0045 0.1122-0.00026 0.022
0.2849 1469.00 4.747 802 333.15 910.162  0.01% 0.0045 0.1128 0.00027 0.022
283.15 958.124 —0.016+0.0038 0.1039 0.00019 0.015
8:8‘11;39 ﬂgg% i:gg —(75:?12 293.15 948.611 —0.015+0.0033 0.1041 0.00018 0.014
008998 1459 26 4925 638 298.15 943.840 —0.013+0.0032 0.1042-0.00023 0.014
CuCh 0.1355 1460.32 4893 632 ZnCl, 303.15 939.073 —0.013+0.0033 0.1045: 0.00019 0.014
0.1828 1461 44 4.859 624 313.15 929.490 —0.0114 0.0034 0.1049: 0.00019 0.015
02256 14055 4829 e lo 323.15 919.852 —0.013+ 0.004210 0.1056- 0.0063  0.017
0.2659 146352 4800 “ele 333.15 910.162 —0.0051+ 0.0027 0.106H 0.00014  0.010
0.3096 1464.55 4.769 —6.10 Table 4. Coefficients of Equation 1 for Speed of Sound in the
0.3541 1465.66 4.737 —6.05 Solutions of the Metal Chlorides in DMF at 298.15 K @ = 1457.13
0.3961 1466.73 4.708 —6.00 m-s)
0.4388 1467.81 4.677 —5.96
0.04462 1457.49 4.965 —4.22 Ar A oy
0.08859 1457.93 4.939 —4.27 salt (nf-s-2-mol )12 R p—— -
0.1331 1458.45 4913 —4.31
0.1783 1459.00 4.886 —4.34 MnCly —0.046=+ 0.021 0.047 0.0013 0.082
ZnCl 0.2208 1459.61 4.860 —4.36 CoCh —0.16+ 0.038 0.04'A-0.0026 0.13
0.2664 1460.32 4.831 —4.40 NiCl, 0.007+ 0.037 0.042+ 0.0025 0.12
0.3080 1461.03 4.805 —4.42 CuCh 0.0008+ 0.0055 0.0245 0.00032 0.024
0.3501 1461.77 4.779 —4.44 ZnCl, —0.10+ 0.036 0.019+ 0.0021 0.15
0.3894 1462.45 4.754 —4.45
0.4350 1463.52 4.724 —4.47 pressibilities obtained for the solutions of the transition-metal

) chlorides in DMF, are collected in Tables 1 and 2. It has been
943.82 kgm~3.1213 DMF was purchased from two different  found that for all the solutions studied the relation

companies (Fluka, puriss,,;B < 0.01 %; and Aldrich, puriss,

H,O < 0.005 %). This might explain the differences in the y=A,+Ac’?+ A (1)
values of densities of DMF obtained from two series of

measurements. The speed of sound was measured using th@herey denotes densitgl or speed of sound is valid. The
sound analyzer OPTIME 1.0 from OPTEL (Poland) with an coefficients of the polynomials and respective values of the
uncertainty of 0.05 ns~* by measuring the time it takes for a  resjdual variance are given in Tables 3 and 4. It is obvious
pulse of ultrasound to travel from one transducer to another that A, denotes density or speed of sound for pure DMF.
(pitch-catch) or to return to the same transducpulse-echp Adiabatic CompressibilityThe adiabatic (isentropic) com-

The cell was thermostated at (298+3.005) K and calibrated  pressibility of solution is defined by the thermodynamic relation
with double distilled water, where the value 1496.6%m of

the sound velocity in pure water has been used. The speed of Ks= —(aVIoP)4V 2
sound obtained for DMF was 1457.13-sn!, whereas the

corresponding literature values are (1468.0 and 1448.55) |t was calculated with the help of ultrasonic velocity and density
m-s 11415 data using the Laplace equation

Measurement Results And Calculations K= 1/(ud) (3)

Speed of Sound and Densityhe density and speed of sound
data together with respective values of the adiabatic compress- In the concentration range studied, the adiabatic compress-
ibility coefficients, as well as apparent molar adiabatic com- ibility values decrease nonlinearly; that is



2102 Journal of Chemical and Engineering Data, Vol. 52, No. 6,

5.00
}
4.95
s v
kN
v
4.90 - ® .
.‘ v
- v
T, 4851 “
i | |
:w 4.80 - o v
éo °¢ v
- 475 v
LI .
Y v
4.70 - "
S a
465 -
*
460 . y . ;
0 5 10 15 20 25

c1l2 / (mOl .mé)112

Figure 1. Adiabatic compressibility coefficieri{s against the square root
of molarity c of the divalent transition-metal chlorides in DMFTat 298.15
K: @, MnCl,; A, CoCh; @, NiCly; B, CuCh; v, ZnCh.

Table 5. Coefficients of Equation 4 for Adiabatic Compressibility of
the Solutions of the Metal Chlorides in DMF at 298.15 K and Their
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Figure 2. Apparent molar compressibilitks against the square root of
molarity ¢ of the divalent transition-metal chlorides and perchlorates in DMF
at T = 298.15 K: solid symbols as in Figure 1, this work; Mn(ClOx);

A, Co(ClQy)z; O, Ni(ClO4)2; O, Cu(ClQy)z; v, Zn(CIOy),, Warmirska et
all

10138, 10138, 10'%
salt (nm’-N—2-mol~1)12 m>N~1-mol~t m2-N—t
MnCl, —0.60+ 0.15 —0.7694+ 0.0083 0.055 Table 6. Coefficients of Equation 6 for Apparent Molar
CoChb 0.46+ 0.091 —0.824+ 0.0059 0.029 Compressibility of the Solutions of the Metal Chlorides in DMF at
NiCl; ~0.94+ 0.38 —0.8240.028 0.12 298.15 K
CuCh —0.73+ 0.25 —0.69+ 0.018 0.11 10138, 10168, 104
ZnCh 0.30+ 0.080 —0.633=+ 0.0045 0.033
salt n?-N-1-mol* (m3&N-2mol=3)¥2  m5-N-1-mol-t
Ks= B, + B;-c"?+ B,-c (4) MnCl,  —0.72+0.0030 2.8:0.19 0.0086
CoCh  —0.645=+ 0.0024 —2.0+0.20 0.0071
. . . . NiCl —0.92+0.013 6.9+ 0.73 0.029
where 4.9910~*°N-m?is the adiabatic compressibility of pure Cucfz —0.669+ 0.0043 341 0.29 0.018
DMF, Kg, at 298.15 K, calculated using the values of density znClL, ~ —0.410+ 0.0017 -1.8£0.10 0.0046

and speed of sound reported in the present study. The coef-
ficientsB; andB; of the polynomials and values of the residual

varianceo are given in Table 5. Figure 1 shows the adiabatic
compressibility coefficients of manganeseiinc(ll) chlorides

in DMF against the square root of concentration. Inspection of
the presented data shows that the highest impact on solution
compressibility was nickel(ll) chloride, whereas the lowest
influence on solution compressibility is observed for zinc(ll)

chloride. It is evident that the observed differences are related

to the complex formation. Pilarczyk and Kliszporn reported that
dissolution of NiC} in DMF results in the formation of a NiCl-
(DMF); -NiCI3DMF~ complex electrolytd. The same process
for ZnCl, is probably associated with formation of the Zn-
(DMF).Cl; coordination forn®

Apparent and Partial Quantities. Apparent Molar Isentropic
Compressibility The apparent molar isentropic compressibility,
dgs, of the electrolyte solutions was calculated from the
equation

D= (Kdy — Kgd)/(myddy) + MKdd, (5)

wherems denotes the number of moles of the solute per kilogram
of solution (molonity);d and dy are the densities of solution
and solvent, respectively; and, is the molar mass of the solute.
The termsKs andKg refer to the adiabatic compressibility of

the solution and the solvent, respectively, and were calculated
using eq 3. The obtained valueskf and®xs are presented in
Table 2. Figure 2 shows the apparent molar adiabatic compress-
ibility of manganese(lh-zinc(Il) chlorides in DMF against the

square root of concentration. As is seen, the plots are linear,
and Masson’s type equation
Pys=A,+ Arct? (6)
can been used for extrapolation. The coefficieAgsand Aq
of the plots and values of the residual variamcare given in
Table 6. In the figure, there are data for metal perchlorates
from our previous paper along with the data for metal chlorides.
Once again, inspection of the data presented shows that complex
formation has an essential influence on solution compressibility.
Because of the variety of structural forms of metal chloro
complexes in DMF solutions, the values of the apparent
molar isentropic compressibilities of metal chlorides at infinite
dilution vary within wide limits. The highest value of the
apparent molar isentropic compressibility is with ZpCGind
the lowest is with NiGJ. The limiting apparent molar isentropic
compressibilities®y¢ for metal perchlorates, which exist in
DMF as the M(DMF%*-ZCIO; type solvates, are practically
constant.
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60 Table 7. Coefficients of Equation 8 for Apparent Molar Volume of
the Solutions of the Metal Chlorides in DMF at Different
Temperatures
o 6 © 10°A0 108A 1o

6 © o ° 507 salt T/K m3-mol~1 (m%mol=3)¥2  m3-mol-1
6 o ° ° o g% A‘Fg “ 283.15  26.28t 0.048 6.7+ 0.83 0.060
o,% % o0 293.15 25.34+ 0.040 8.6+ 0.69 0.050
40 1 g &Y "o © 298.15  24.74t0.039 9.9+ 0.70 0.048
_ 4% 00 ° MnCl, 303.15 24.3# 0.041 9.9+ 0.68 0.049
5 VY Y v vy vy v 313.15 23.22+ 0.032 11.4+0.54 0.036
S 323.15 21.82+ 0.035 13.4+0.62 0.041
e 30 4 333.15 20.2°# 0.043 15.6+ 0.72 0.049
> 283.15 22.2£ 0.15 17.2+ 0.84 0.052
me o 6068 & 0 & 000 . 293.15 21.3:t0.14 17.7+0.91 0.056
=) . m o m mp .U, N Mmoo 298.15 20.9:0.12 17.6+ 0.83 0.050
a4 4t CoClh 303.15 20.5£ 0.13 17.5+ 0.75 0.046
201 313.15 19.5+0.13 17.6+0.77 0.047
323.15 18.6+ 0.10 16.94+0.81 0.048
ce ® 333.15 17. A 0.17 15.3+ 0.15 0.060
e *° * 283.15 23.4H4 0.069 8.1+ 0.49 0.034
10 4 o ® ® 293.15 22.91 0.060 8.6+ 0.44 0.029
. 298.15 22.63t 0.067 8.8+ 0.49 0.032
. CuCh 303.15 22.5H 0.059 8.5+ 041 0.027
313.15 22.0# 0.068 8.5+ 0.49 0.031
0 323.15 21.59 0.071 8.8+ 0.51 0.034
' ! ' y 333.15 21.0H 0.097 9.6+ 0.70 0.046
0 ° 10 1 2 » 283.15 364013  —9.3+0.94 0.056
¢/ (mol - m?)'"2 293.15 36.3-0.14 —8.3+0.86 0.051
Figure 3. Apparent molar volume®y against the square root of molarity ZnCl gggig gggt 8}‘71 :;éi 8;3 8828
c of the divalent transition-metal chlorides and perchlorates in DMF at 2 313'15 35'& 0'14 —6.61 0'79 0'049
= 298.15 K: solid symbols as in Figure 1, this work; Mn(ClOq); A, 323'15 35'% 0'22 75'0i 1'20 0'072
Co(CIQy)z; O, Ni(ClOg)2; O, Cu(ClQy)z; v, Zn(ClOy)2, Warmiska et ak. 333.15 341 017 —3.0+0.10 0.060

Apparent Molar Volume.The apparent molar volumé,,

of the electrolyte solutions was calculated according to Table 8. Coefficients of Equation 9 for Apparent Molar Volume of

the Solutions of Nickel Chloride in DMF at Different Temperatures

(I)V = (dO - d)/(rndeO) + M2/d0 (7) 1(ﬁAO 1CﬁAl 1(ﬁA2 1080
where the symbols have the same meanings as in eq 5. Figure_ 17K m¥mol™  (m*mol™9)¥2  me-mol™?  m*mol™
3 shows the apparent molar volumes of metal chlorides 283.15 —10+0.94 274022 -7.84+0.73 0.32
plotted against the square root of concentratiéh For solutions 203.15  -5.6+0.95 2.4£023  -7.0+£0.74 0.32
of manganese(ll), cobalt(Il), copper(ll), and zinc(ll) chlorides, %gg'ig :igi 8'22 iéi 8';(7) :g'gi 8'?3 8'38
the plots of ®y againstc? are found to be linear over the 31015 1.0t 0.68 15+014 —44+052 0.22
concentration range studied at all measured temperatures. 320.15 3.3+ 0.62 1.2+£0.17 —3.74£0.49 0.21

330.15 48085 093:053 —2.3+0.66 0.28

Therefore, the equation

@, = A+ Act? (8) the salts. At infinite dilution, ions are surrounded only by the

solvent, with other ions being infinitely distant. Therefore, both

was valid. The coefficients of the equation and their standard @Y and @y are a good measure of iesolvent interactions
deviationsg, are given in Table 7. Further inspection of Figure with ion—ion interactions being negligible. Unfortunately, in
3 shows that the apparent molar volumes of Ni@lith DMF as well as in other nonaqueous solvents, in which the
concentration are not a linear function@f. The concentration  djelectric constant is significantly lower than the dielectric
dependencies of the apparent molar volume of thei@lution constant of water, apparent molar volumes can be affected by
can be satisfactorily described by the equation jon pairing. This phenomenon takes place in solutions of
chlorides and bromides of transition metals. Therefore, both
apparent molar volumes and molar compressibilities at infinite
dilution should not be considered as the limiting values of both
guantities.

O, = A+ Arc?+ Aysc 9)
The proper extrapolation of apparent molar volumes to in-
finite dilution has been discussed by Marcus and Héft&ve ) ) ) ) )
know that the use of both the purely empirical Masson and An inspection of Figure 3 showsT that the points obtained for
the extended Masson equations for obtaining the Standardmetal_chlondes run below the points for metal perchlorates.
molar volumes is at best a crude approximation. However, there ' € highest values of the apparent molar volumes are observed

are data available for the theoretical slope estimation for for the zinc(ll) chloride solution. The lowest values of the
DMF for T = 298.15 K only, whereas our data cover apparent molar volume were obtained for the nickel(ll) chloride
the temperature range betweer= 283.15 K andTl = 333.15 solution.

K.17 As one can see, the apparent molar volumes are less sensitive
The coefficients of eq 9 and their standard deviationgre to structural effects in solutions than the compressibilities.
given in Table 8. It should be noted that coefficieAtsin eqs Whereas the volumes of the metal perchlorates and chlorides

6, 8, and 9 cannot be considered as the values of the limiting are close, the difference in values of compressibility for both

molar adiabatic compressibilities or apparent molar volumes of salt types is quite large.
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