0.5% above 3 mol kg™ . If more reliable standard data become
available for H,SO, at high concentrations, a corresponding
improvement will occur in the CaCl, osmotic coefficients. It
should be noted that the data reported here exhibit less scatter
than Stokes' results, especially below 7.0 mol kg™". This pre-
sumably occurs because of the longer equilibration times used
by us. The osmotic coefficients from this research also agree
reasonably well with those from other sources below 3 mol
kg~
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Heats of Dilution of Some Aqueous Rare Earth Electrolyte Solutions at

25 °C. 3. Rare Earth Chilorides

Frank H. Spedding,* Carroll W. DeKock, George W. Pepple, and Anton Habenschuss
Ames Laboratory-ERDA and Department of Chemistry, lowa State University, Ames, lowa 50011

The heats of dilution of aqueous LaCl;, PrCl;, NdCl;, SmCls,
EuCl;, GdCl;, TbCl3, DyCl;, HoClj3, ErCls, TmCl;, YbCl;, and
LuCl; solutions have been measured up to saturation at 25
°C. The integral heats of solution of LaCl3*7H,0, PrCl;*
7H,0, NdCi3*6H,0, SmCl3*6H,0, EuCl;*6H,0, GdCl;°6H,0,
ThCl3+6H,0, DyCl3+6H,0, HoCl3°6H,0, ErCl;:6H,0, TmCl;°
6H,0, YbCl;°6H,0, and LuCl;*6H,0 in water at 25 °C have
also been measured. The heat of dilution data are
represented by empirical equations, and relative partial
moial heat contents are calculated. The heat content trends
across the rare earth chloride series are similar to the
trends found for the rare earth perchlorate heat data, and
can be correlated with a change in the inner sphere cation
water coordination across the rare earth cation series.

The heats of dilution of aqueous rare earth chloride solutions
up to 0.2 m have been reported (28, 32). These dilute data for
the chlorides were shown to conform to the Debye—Hiickel
limiting law, and the heat content trends across the rare earth
chloride series showed the two series effect attributed to a
change in the inner sphere water coordination of the rare earth
cations between Nd and Tb (28).

Recently, we have extended many of the dilute thermody-
namic and transport measurements to higher concentrations ( 13,
23, 27, 36, 37) where short range ion-ion interactions become
important. The heats of dilution reported for the rare earth per-
chlorates (37) up to saturation show that the two-series effect
across the rare earth perchlorate series persists to high con-
centrations virtually unchanged. In contrast, although the two-
series effect is observable in very dilute nitrate solutions, the
heats of dilution for the rare earth nitrates outside this region
were found to be correlated with the available stability constants
of the rare earth nitrate complexes (30). In this report we present
the heats of dilution measurements for the rare earth chlorides
up to saturation, and compare these to the resuits of the per-
chiorate and nitrate studies.

Experimental Section

The apparatus, an adiabatically jacketed differential calo-
rimeter similar to that of Gucker, Pickard, and Planck ( 12), was
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the same one used for the rare earth perchlorate (37) and nitrate
(30) experiments and has been previously described (28, 32).
The calorimeter was operated at a sensitivity of about 4 X 1074
cal/mm chart displacement. The accuracy of the calorimeter
has been established and was monitored throughout the present
experiments by measuring the heat of neutralization of HCI by
NaOH. From a total of ten measurements at 25.00 % 0.02° we
obtained AH® = —13.334 £ 0.018 kcal moi~" for the heat of
neutralization corrected to infinite dilution. This is in good
agreement with —13.34 kcal mol~" recommended by Hepler
and Woolley ( 74).

The stock solutions were prepared from the rare earth oxides
and C.P. grade HCI. The oxides were purified by ion exchange
methods by the Rare Earth Separation Group of the Ames Lab-
oratory. The pH of the stock solutions was adjusted to guarantee
a 1:3 ratio of rare earth to chloride ions. All secondary solutions
were prepared by weight from the stock solutions and conduc-
tivity water with a specific conductance of less than 1 X 10~°
mho cm™, all weights being converted to mass. The stock,
saturated, and some of the secondary solutions were analyzed
by gravimetric oxide (33), sulfate (33), and/or EDTA (29) for the
rare earth content and by a potentiometric AgNO3 (33) method
for the chiloride content. The agreement between the anion and
cation analyses was within 0.1%, showing that the stoichiometry
was 1:3 for the rare earth to chloride ratio. The analyses indi-
cated that the concentrations were known to better than £0.1%
in terms of the molality.

Hydrated crystals of the rare earth chlorides were grown from
saturated solutions at 25.00 °C and were dried over BaCl, or
CaCl,. The ratio of rare earth chloride to number of water mol-
ecules was determined by EDTA titrations. LaCl; and PrCls
crystallized as the heptahydrate, while the rest crystallized as
the hexahydrates, all within £0.1% of the theoretical water
content.

The experimental procedure for the heats of dilution and heats
of solution measurements was similar to that employed for the
rare earth perchlorate (37) and rare earth nitrate (30) experi-
ments and is fully described elsewhere (28, 32). One or two
samples of rare earth chloride solution were diluted into about
900 g of water. Diluting the first sample of initial molality my,
containing n" moles of rare earth chloride, into the water giving



a final concentration of mj,, evolves a quantity of heat ¢'. Diluting
a second sample of the same initial concentration m,, containing
n'’ moles of rare earth chloride, into the solution of molality mj,
resulting from the first dilution, to give a final concentration of
ma, evolves a quantity of heat g”’. The integral heats of dilution,
AH, ¢, and the relative apparent molal heat content, ¢, are re-
lated to the heats evolved, ¢’ and ¢’’, by

AHqp = ¢ma) — oulmi) = ¢/’ (1
AHig = ¢u(ms) = ¢lmy) = (¢’ + ¢")V(n" + 1"))  (2)

For samples with dilute initial concentrations, only the first
dilution was made, eq 1, since the size of the sample buib pre-
cluded a second diiution.

Similarly, dissolving two samples of the rare earth hydrate
successively we obtain for the integral heats of solution,
AHX,fv

AHyp = ¢ (mg) = L' = ¢'/n’ &)
AHyg = ¢ (mg) — L' = (q + ¢V + n") (4)

where L’ is the molal enthalpy of the hydrate relative to infinite
dilution, and the ¢_(my) in eq 3 and 4 are obtained from the heat
of dilution experiments. The heats evolved, ¢ and ¢'’, were
corrected for the change in vapor pressure over the solutions
in the sample bulbs, the heat of breaking the glass sample bulbs,
and for variation of the ratio of the heat capacities of the two
calorimeter containers and their contents. The defined ther-
mochemical calorie, 4.1840 absolute J, was used throughout
this work. All measurements refer to 25.00 & 0.02 °C.

Calculations and Results

The experimental heats of dilution and solution are given in
Tables | and Il, respectively. For those groups of dilutions having
the same initial concentration, m;, the initial concentration is
listed only once. The first set of entries for each salt refers to
the saturated solution. The samples with an asterisk in Tables
I and |l, referring to eq 2 and 4, were diluted into the solution
resulting from the dilution of the immediately preceding sample,
which refers to eq 1 and 3.

The heats of dilution AH, , and AH, 3, the “‘long chords'’, were
used to obtain the "‘short chords’’, AH; »,

AHs 2 = AHq 2 — AHyg = o(my) — dL(mg) (5)

For these short chords, m, is considered the final, and mj the
initial concentration of the dilution. The AH; ;> values are listed
in Table | immediately following the AH, » and AH, 5 data. For
LaClg the initial concentrations of the two-break runs were not
the same and no AH; ; values could be calculated. For HoClz
only one two-break run was made. However, except for EuClg
and LuCls, heat of dilution data up to 0.2 m are availabie from
previous work in this laboratory (28, 32). These previous data
were added to the presently reported AH values for fitting pur-
poses. For the combined data sets the lowest final concentra-
tions ranged from 0.0001 to 0.001 m. Some of the dilutions for
LaClz were made with very dilute HCI (pH 4.4) to check if ap-
preciable hydrolysis occurs in rare earth chloride solutions. The
results for LaCl; in Tabie | indicate that the heats of dilution are
insensitive to slight variation in pH due to the addition of very
small amounts of HCI, showing that the heat contribuion from
hydrolysis under these conditions Is negligible.

As was the case for the rare earth perchlorates (3 7) and the
rare earth nitrates (30) the heats of dilution for the rare earth
chlorides were successfully fitted directly to a power series in
multiples of m'/4 over the whole concentration range,

6
AHip= 3 A{myP — mP) (6)
j=1

which can be used to calculate ¢ by setting m; = 0 and letting
m; be any concentration desired (since A¢ = —AH)

6
o= 21 A;mPi (7)
P=

As before, the first term is A; = 6990 (7) with p; = %, the
Debye—Huckel limiting law constraint. In contrast to the per-
chlorates and nitrates, only five empirical terms were necessary
to fit the chlorides adequately. The coefficients A; and powers
p; to be used with eq 6 and 7 are given in Table lll. The differ-
ences between the calculated and experimental AH values are
listed in the fourth column in Table |, and are plotted for TbClg
in Figure 1, which is typical of the other salts. The dilute range
for TbClj is illustrated in Figure 2 on a P, plot. The criteria for the
choice of powers in the least-squares fits were the same as
given in the perchlorate work (37). _

The relative partial molal heat contents of the solute, L,, and
the solvent, L, were calculated from

- ad’\.)
= + —_—
L=¢.+m <am .. (8)
T = _Mm? <%>
Ls 1000 \dm/ tpn; ®)

where M, is the molecular weight of water, 18.0154 g mol™".
The results for ¢, L,, and L4 calculated from eq 7, 8, and @ are
illustrated in Figures 3-7, and are given in Table IV. The ¢, L,
and L for the rare earth nitrates and perchiorates at even con-
centrations are given in Tables V and Vi. Tables IV, V, and VI are
available from the ACS Microfilm Depository Service; see
paragraph at end of paper regarding supplementary material.

The heats of solution to infinite dilution for the rare earth
chloride hydrates, —L', were calculated from eq 3 and 4 with
AH, yand ¢ (my) taken from Table Il. ¢ (my) was calculated from
eq 7. The L’ are listed in Table Il. The standard heats of solution
for EuClg-6H,0 and LuCls:6H,0, reported by Hinchey and Cobble
(15)are —8770 £ 30 and —11 910 £ 20 cal mol™', respectively.
These are in reasonable agreement with —8714 and —11 860
cal mol~ reported in Table Il for these two hydrates.

The standard deviations, o, expected for the AH values are
listed in column five in Table | and are discussed in the per-
chlorate paper (317). The weighting factors in the least-squares
fits were taken as 1/02. The standard deviations in the fits ranged
from 4.5 to 10 cal. The main cause of the slightly larger devia-
tions in the chloride fits as compared to the perchlorate and ni-
trate fits is due to small mismatches between the data reported
here and the previous dilute measurements that were included
in the fits. The random and systematic errors in ¢, L,, and L4
are similar to those reported and discussed in the perchlorate
measurements (37).

Discussion

The heats of dilution for 11 rare earth chloride solutions in the
dilute concentration range have been discussed by Spedding,
Csejka, and DeKock (28). The present measurements extend
these data to saturation and also give the results for EuCls and
LuCls. Analysis of the combined data shows that all of the rare
earth chlorides conform to the Debye-Hiickel limiting law in
dilute soiutions, within experimental error, as judged by P;
plots.

The ¢, curves for LaCls, SmCls, and LuCls are compared to
the ¢ curves of the respective nitrates (30) and perchlorates
(317)in Figures 3-5. The chloride curves remain above the per-

chlorates and nitrates throughout the concentration range. The
pronounced inflection points in the perchlorates are much

smaller in the chlorides. These relative shapes of the chloride
and perchlorate ¢ curves also appear in the divalent alkaline
earth chlorides and perchlorates, particularly with respect to the
severity of the inflection points (43).
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Table I. Heats of Dilution of Some Aqueous Rare Earth Chloride Solutions at 25 °C

Expt! — Exptl —
—AHN, calcd ad, _AH”, calcd a,
m; 104my cal mol™! (cat mol™") cal mol™’ m; 104my cal mol™! (cal mol™") cal mol™!
Lanthanum Chloride Neodymium Chloride

3.8964 18.490 — - — 3.929 10.916 7272.2 9.2 4.9
3.6004 9.897 6768.8 —0.4 4.6 23.542* 7179.1 -0.3 7.4
3.2904 10.491 6135.6 —51 4.5 10.949 — — —
3.600° 25,040*% 6671.0 71 8.0 22.677* 7181.7 —-2.4 7.0
3.290 12.773 6117.9 -3.2 45 3.590 10.323 6488.2 —4.0 4.1
3.896 22.212° 7278.0 0.9 5.9 21.437* 6415.3 0.2 5.9
2.565 19.963 4694.8 9.9 5.4 10.049 6480.7 —14.0 4.2
2.832 37.418* 5098.0 7.5 7.5 22.562* 6400.0 —8.8 6.6
2.5654 18.387 4700.1 5.1 5.4 9.722 6505.7 8.1 3.8
2.8322 36.301° 5103.0 7.8 8.1 19.563* 6429.1 3.1 5.3
1.975 19.874 3686.6 1.1 4.4 3.250 12.852 5744.6 -5.3 4.4
2.252 38.477* 4038.0 —7.4 6.2 26.255* 5661.8 —6.2 6.3
1.975¢# 19.874 3685.8 0.2 4.2 13.162 5754.2 6.6 4.5
2.2524 38.477* 4038.0 —7.4 6.0 26.307* 5669.8 2.0 6.2
1.411 22.515 2839.2 1.7 4.1 2.897 14,266 5055.2 5.6 4.4
1.693 48.832* 3111.0 -11.8 6.6 29.648" 4966.0 3.9 6.3
1.209 30.492 2529.7 7.4 4.8 14,018 5056.0 4.5 4.3
1.693 59.352* 3086.0 —2.2 7.1 29.171* 4962.1 —2.2 6.2
1.411 27.900 2804.2 —4.2 5.4 2.552 15.461 44143 —9.6 4.1
1.209 27.689 2531.1 -5.0 4.8 31.438* 4326.2 —10.5 5.8
1.008 32.844 22445 -=3.0 5.1 15.761 4417.8 —4.1 4.1
0.8102 34.199 1984.4 -0.7 4.7 31.764* 4332.1 -3.2 5.8
0.6469 38.713 1759.7 8.0 4.7 13.891 4440.7 5.6 3.7
0.4038 47.748 1392.1 13.3 4.6 27.984* 4353.5 0.9 5.1
2.257 15.856 3940.3 4.1 3.8
Praseodymium Chloride 32.524* 3845.8 -1.2 5.3
3.891 11.256 7271.9 -5.2 5.2 16.540 3929.2 —2.5 4.5
24,900* 7187.3 —-0.0 8.0 1.948 15.587 3478.8 8.8 3.3
9.505 — — — 32.104* 3383.2 2.4 4.6
21.188* 7207.9 0.0 6.9 16.492 3468.6 4.7 3.4

3.475 9.872 6360.3 4.4 4.0 33.178* 3375.4 —0.8 4.7
21.734" 6279.1 7.8 6.1 1.702 17.606 3108.4 —-2.5 3:3
3.095 14.145 5524.1 -1.4 4.7 36.168* 3011.2 —6.6 4.6
29.236* 5432.3 ~4.8 6.8 17.558 3110.6 —-0.6 3.8
2.871 14.822 5080.6 —0.4 4.5 1.455 20.766 2768.6 2.8 3.4
30.625* 4986.8 —43 6.5 41.551° 2670.3 —0.8 4.6
2.479 17.389 —_ — —_ 20.052 2771.5 1.6 33
35.892* 4259.0 47 6.5 40.322* 2672.5 —3.1 4.5
18.801 4329.6 -10.9 49 1.221 22,582 2465.5 2.4 3.3
39.213* 4240.6 —-0.2 71 45.522* 2362.4 -1.9 4.5
2.232 19.492 3931.1 7.4 4.6 22.572 2460.1 —-3.1 3.3
39.740* 3829.8 3.7 6.4 45.118* 2358.9 —-6.9 4.4
1.931 20.259 3452.7 —1.4 4.2 1.006 28.676 2171.9 -1.7 3.6
41.371* 3356.8 1.9 59 57.578* 2061.9 -=5.0 4.9
1.718 27.019 3113.9 2.0 4.9 29.095 2167.5 —4.2 3.7
54.435* 3002.5 -1.8 6.8 58.415* 2057.5 —6.8 5.0
1.433 25.543 2733.4 —4.4 4.1 0.8008 33.155 19143 3.7 4.4
51.395* 2627.9 —4.6 5.6 0.6407 33.686 1720.7 4.5 3.4
1.198 31.326 2416.5 2.9 4.4 71.200* 1592.6 -1.5 4.8
63.696* 2299.5 0.7 6.1 40,666 1694.1 5.8 3.8
0.9880 34.445 2146.7 2.4 4.4 79.139* 1571.7 -2.6 5.0
72.029" 2021.5 1.1 6.1 0.4927 52.172 1463.6 1.3 53
32.673 2149.5 —2.5 4.8 47.142 1480.8 1.9 4.8
0.8110 43.020 1898.5 1.9 5.6 0.3597 50.410 1283.3 —0.8 4.5
0.6240 46.335 1656.9 2.4 53 53.714 12751 1.5 4.7
0.5182 49.886 15141 8.0 5.2 0.2532 43.139 1137.5 0.1 3.4
0.3671 40.297 1335.3 5.1 3.8 0.1726 27.605 1038.4 —2.2 2.1
0.002 490°¢ 11.256 84.6 —5.2 9.5 32.948 1014.8 -1.5 2.4
0.002 173 9.872 81.2 —3.4 7.3 0.09959 19.501 878.1 —4.6 1.3
0.002924 14.145 91.8 3.3 8.3 0.05293 12.131 732.2 1.7 2.8
0.003 063 14.822 93.8 3.9 7.9 0.002 354¢ . 10.916 93.0 9.4 8.9
0.003 589 17.389 61.4 —34.0 8.0 0.002 144 10.323 73.0 —4.2 7.2
0.003 921 18.801 89.0 -10.8 8.7 0.002 256 10.049 80.7 —5.2 7.8
0.003 974 19.492 101.3 3.7 7.9 0.001 956 9.722 76.6 5.0 6.5
0.004 137 20.259 95.9 -33 7.2 0.002 626 12.852 82.8 0.9 7.7
0.005 443 27.019 111.4 3.8 8.4 0.002 631 13.162 84.3 4.6 7.7
0.005 139 25.543 105.5 0.2 6.9 0.002 965 14.266 89.3 1.7 7.7
0.006 370 31.326 117.0 2.2 7.5 0.002 917 14.018 93.9 6.7 7.5
0.007 203 34.445 125.1 1.3 7.5 0.003 144 15.461 88.1 0.9 71
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Table I. Continued

Exptl — Exptl —
—AH, 4, caled o, —AH;y, calcd g,
m; 104m; cal mol™! (cal mol™") cal mol~" m; 104my cal mol™’ (cal mol™") cal mol~!

0.003 176 15.761 85.7 —-0.9 7.1 0.001996¢ 9.672 77.5 1.8 7.2
0.002 798 13.891 87.2 4.7 6.3 0.002 135 10.452 82.0 5.2 6.5
0.003 252 15.856 94.5 5.2 6.5 0.002 287 11.162 81.3 2.1 6.3
0.003 210 15.587 95.6 6.4 5.7 0.002 596 12.781 81.9 —0.5 6.2
0.003 318 16.492 93.2 5.4 5.8 0.003 153 15.595 90.8 2.6 6.3
0.003 617 17.606 97.1 4.1 5.7 0.003 363 16.492 94.6 3.3 6.3
0.004 155 20.766 98.3 3.6 5.7 0.004 037 19.536 107.2 7.9 6.6
0.004 032 20.052 99.0 4.7 5.6 0.005 180 25.685 111.4 6.1 6.4
0.004 552 22.582 103.1 43 5.6 0.005 155 25.543 110.7 5.4 6.3
0.004 512 22,572 101.3 3.8 5.5 0.005 380 26.812 109.4 3.4 6.3
0.005 758 28.676 110.0 3.2 6.1 0.005 262 26.214 108.9 3.6 6.2
0.005 842 29.095 109.9 2.7 6.2 0.006 170 30.947 111.3 1.0 6.3
0.007 120 33.686 128.1 6.0 5.9 0.006 511 31.573 116.3 —-0.8 6.7
0.007 914 40.666 122.4 8.4 6.3 0.007 704 38.094 125.1 4,2 6.7
Samarium Chloride 0.008 086 40.170 121.6 -0.5 7.0
19.963* 6844.6 0.3 5.9 0.006 605 33.028 117.3 4.1 5.2

8.317 — — — Europium Chloride
18.284* 6855.8 1.1 5.6 3.587 10.266 7083.1 —4.4 4.4
3.507 9.505 — — — 20.757* 7004.4 -7.1 6.2
19.519* 6568.0 6.3 5.5 10.963 7084.4 3.2 4.6
9.096 6637.4 —2.8 4,2 22.241* 7000.0 -2.7 6.6
9.660 _ — — 3.066 9.102 6016.1 8.2 3.4
19.430* 6568.5 6.2 54 18.922* 5943.4 11.3 49
3.179 10.131 5943.3 -53 4.2 9.163 6013.4 6.1 3.8
10.452 5941.7 —4.1 3.7 2.889 12.348 5615.5 —10.2 40
21.354* 5859.7 —9.3 53 23.922* 5538.6 —-10.9 55
2.865 11.162 5319.6 3.4 3.6 2.573 14.033 5004.3 —3.4 4.2
22.868* 5238.3 1.3 5.1 28.069* 4916.4 —6.8 5.8
2.523 12.781 4662.5 -2.8 3.6 2.147 13.344 4258.7 3.6 34
25.959* 4580.7 —-2.3 5.0 27.280* 4161.7 -7.5 4.8
2.116 15.618 — — — 13.432 4253.2 -1.3 3.5
32.070" 3858.6 —-0.7 5.3 27.931° 4161.5 —4.5 5.0
15.595 3955.5 55 3.7 1.980 16.532 3953.8 0.5 3.9
31.528" 3864.6 2.9 5.1 33.201* 3858.9 -3.7 5.4
1.945 16.492 3682.0 8.2 3.6 16.273 3960.6 5.5 3.9
33.628* 3587.3 49 5.1 33.270* 3863.0 0.6 5.4
1.666 19.536 3240.6 04 3.8 1.694 17.531 3495.9 3.0 4.3
40.373* 3133.5 —-7.5 5.4 18.749 3491.4 6.4 3.7
19.395 — — — 36.445° 3390.5 —4.4 5.2
39.038" 31441 -2.0 5.1 1.526 19.246 3227.6 —0.4 3.7
1.437 21.548 2911.7 1.0 43 38.552* 3128.6 -3.8 5.1
21.492 — — —_ 19.722 3217.6 -7.5 3.7
43.626" 2808.4 —2.7 5.1 39.489" 3121.6 —7.0 . 5.1
1.137 25.685 2494 .4 —0.5 3.8 1.182 22.944 2727.8 18.2 3.8
51.797* 2382.9 —6.6 5.2 49.801* 2600.1 6.0 5.6
25.543 24953 —-03 3.7 1.042 25.674 2495.9 -3.0 3.8
51.552* 2384.6 —5.7 5.1 52.809° 2382.9 -5.1 5.3
1.063 26.812 2389.2 —5.4 3.7 0.8286 31.573 2172.0 —0.6 4.0
53.802" 2279.8 —8.8 5.1 64.609" 2052.0 —-2.4 5.5
26.214 2397.0 —0.6 3.7 30.316 2179.6 1.1 3.8
52.621* 2288.1 —4.2 5.0 61.246" 2061.9 -23 5.2
0.8527 30.947 2109.4 2.4 3.8 0.6733 29.160 1964.6 0.7 3.5
61.701* 1998.1 1.4 5.1 62.790* 1836.4 -3.1 5.0
31.573 2112.6 8.4 3.9 28.794 1962.5 —3.2 3.4
65.109* 1996.3 9.3 5.4 62.157* 1836.3 —5.1 4.9
0.6702 38.094 1834.6 —4.1 4.0 0.5187 29.279 1737.5 2.8 3.1
77.036" 1709.4 -8.4 5.4 63.091* 1610.6 0.6 4.4
40.170 1826.7 -3.9 4.2 0.3866 39.892 1477.5 0.2 4.1
80.856* 1705.0 —3.4 5.6 47.211 1447.2 =27 4.7
0.5158 33.536 1647.2 2.7 3.2 0.2819 41.448 1282.7 —-0.6 3.7
69.572* 1522.6 —-1.2 4.4 ' 39.829 1292.4 2.8 3.6
33.028 1650.8 4.2 3.1 0.1662 25.786 1098.9 0.9 2.0
66.048" 1833.5 0.1 4,2 26.595 1094.1 0.4 2.1
0.3604 51.768 1339.9 1.9 4.8 0.09530 15.817 937.3 -0.4 1.6
0.2687 44,890 1204.6 5.0 3.8 16.305 932.0 -2.3 1.5
46.036 1203.0 75 3.9 0.02154 3.375 614.3 11.8 4.2
0.1596 32.661 1019.9 9.5 2.4 3.877 602.2 8.0 4.2
28.260 1038.6 7.9 2.2 0.002 076°¢ 10.266 78.7 2.7 7.5
0.09711 27.269 858.6 11.4 1.7 0.002 224 10.963 84.4 5.9 8.1
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Table |. Continued

Exptl — Exptl —
~AH;y, calcd g, —AH;y, caled g,
m; 104m; cal mol™! (cal mol™") cal mol™! m; 104my cal mol™! {cal mol™") cal mol™"!
0.001 892 9.102 72.7 -3.1 5.9 0.006 325 30.914 120.2 2.1 5.0
0.002 392 12.348 77.0 0.8 6.8 0.006 173 29.301 125.2 4.0 45
0.002 807 14.033 87.9 3.3 7.1 Terbium Chloride
0.002 728 13.344 97.0 111 5.9 3.571 10.259 7664.6 3.8 4.7
0.002 793 13.432 91.7 3.2 6.1 20.448" 7575.9 —-9.8 6.5
0.003 320 16.532 94.9 4.2 6.6 3.380 13.513 7175.9 —-12.7 5.9
0.003 327 16.273 97.6 4.8 6.7 28.324* 7105.1 7.5 8.7
0.003 645 18.749 100.9 10.8 6.4 12.652 7204.3 8.9 55
0.003 855 19.246 99.0 3.4 6.2 25.959* 7112.1 24 7.8
0.003 949 19.722 96.0 —0.4 6.4 2932 17.389 6164.1 -3.2 6.5
0.004 980 22.944 127.8 12.2 6.8 36.457* 6068.6 1.7 9.5
0.005 281 25.674 112.9 2.0 6.5 2.509 16.687 5305.2 5.5 5.4
0.006 461 31.573 120.0 1.7 6.8 35.557* 5202.1 3.8 8.0
0.006 125 30.316 117.7 3.4 6.5 2.049 21.818 4382.7 —6.1 5.7
0.006 279 29.160 128.1 3.8 6.0 45.105* 4275.0 —6.7 8.2
0.006 216 28.794 126.2 1.9 6.0 1.694 49.688 3629.2 —4.4 10.2
0.006 308 29.279 126.9 2.2 5.3 97.911* 3491.5 —-10.0 13.8
Gadolinium Chloride 17.868 37800 —17 4.7
3.590 10713 7358.0 ~7.2 47 1.588 35.165 35172 8.8 7.3
21.632* 79741 ~13.5 6.6 35.248* 3510.7 2.6 10.3
3.201 8.468 6548.9 45 3.4 0.9855 42.523 2507.2 16.8 6.1
17.422° 6467.7 —4.2 48 84.327* 2375.5 11.9 8.1
9.941 6521.9 -8.2 3.9 0.7544 32.821 2165.8 3.7 4.1
20.061°  6446.5 -85 5.5 65.270* 20505 4.9 55
2.868 10810  5828.9 -3.9 3.9 0.4492 24.661 1697.9 —2.4 24
22.506° 57506 -1.5 5.6 49.028*  1595.4 0.3 3.3
2,551 12.546  5199.6 3.4 4.0 24.671  1696.1 —4.2 2.4
2,148 14.379 4446.1 6.0 3.9 0.002 045°¢ 10.259 88.7 13.5 8.0
29.943* 4347.5 -1.1 5.6 0.002 832 13.513 70.7 —-20.3 10.5
1.858 15.832 3933.3 27 37 0.002 596 12.652 92.2 6.5 9.6
31.945* 3840.5 0.2 5.2 0.003 646 17.389 95.4 -5.0 11.5
1.524 19.018 3372.3 4.1 38 0.003 556 16.687 103.1 1.7 9.7
38.701* 3258.3 -11.8 5.3 0.045 510 21.818 107.6 0.6 10.0
17.497 3385.1 7.1 4.1 0.009 791 49,688 137.6 5.5 17.2
1.438 20467  3209.2 -15.7 3.9 0.003 525 35.185 6.5 6.2 12.7
1.209 21.977 2871.0 4.7 3.7 0.008 433 42.523 131.7 49 10.1
0.8087 29.031 2230.5 =0.7 3.7 Dysprosium Chioride
58.003" 2119.1 -0.9 5.1 3.631 8.404 7762.7 —10.4 4.0
0.6390 33.954 1955.7 5.3 3.8 17.733* 7691.2 -5.0 6.0
67.585* 1833.5 —0.1 5.1 7.612 7785.7 4.2 3.6
0.4448 30.914 1657.5 5.9 3.0 15.484* 7718.2 6.3 5.1
63.250"* 1537.3 3.7 4.0 3.098 8.521 6622.4 11.2 3.5
0.3590 29.301 1519.4 10.4 2.6 18.353* 6532.9 1.6 5.3
61.732° 1394.1 6.4 3.7 2.783 11.216 5917.7 1.3 4.6
0.2484 54.509 1196.5 3.1 4.5 6.828 5957.8 —-2.9 2.7
§9.290 1181.3 3.0 4.8 15.500° 5884.5 2.4 4.3
0.1593 36.289 1053.2 6.5 2.7 2.494 10.621 5315.1 —14.3 3.4
37.847 1047.4 7.2 2.8 21,289* 5239.2 -12.2 4.9
0.09913 21.123 933.1 3.8 1.5 2,172 10.713 4699.2 —-0.4 3.0
0.002 163°¢ 10.713 83.8 6.4 8.1 21.595* 4622.6 2.0 4.3
0.001 860 9.272 78.1 5.9 6.7 9.126 4720.1 5.4 3.0
0.001 742 8.468 81.2 8.7 5.9 1.910 16.614 — —_ —
0.002 006 9.941 75.4 0.3 6.7 33.109" 4072.1 -3.5 5.6
0.002 251 10.910 78.3 —-25 6.8 10.798 4221.1 7.1 2.7
0.002 662 12.546 90.1 0.9 7.2 21.604* 4142.2 6.4 3.8
0.002 994 14,379 98.6 7.1 6.8 9.986 4219.5 -2.0 2.6
0.003 195 15.832 92.8 2.6 6.4 20.133* 4147.6 2.8 3.6
0.003 870 19.018 114.0 15.9 6.5 1.669 20.612 —_ — —_
0.004 088 20.467 99.9 2.1 6.5 42.211° 3607.0 —5.6 6.4
0.004 462 21.977 108.1 49 6.4 13.727 3767.4 2.4 3.1
0.004 920 24.562 109.5 4.3 6.1 27.931° 3673.5 —-2.9 44
0.005 800 29.031 111.4 0.2 6.3 11.972 3781.8 2.4 2.7
0.006 758 33.954 122.2 5.5 6.3 24.236* 3696.4 0.3 3.8
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Tablie I. Continued

Exptl — Exptl —
—~AH,,, calcd g, —AH;y, caled a,
m; 104m;, cal mol™' (cal mol™") cal mol™’ m; 104my cal mol™' (cal mol™") cal mol™!

1.443 14258  3374.4 -6.0 29 3.222 8.934  6709.7 0.9 3.7
28.740°  3289.8 -1.9 4.0 18.576*  6637.2 3.4 5.3
1.163 18.593  2893.2 -3.8 3.2 8.833  6718.7 8.9 3.6
37.295*  2795.4 -4.3 44 17.817°  6646.7 8.0 5.0
0.974 1 21.206  2581.1 -16 3.2 2.904 11662  5998.7 —14.8 42
41.861* 24833 0.3 43 23.668°  5920.0 —-13.1 6.0
0.564 7 18.473 19529 5.0 2.2 11.418 60133 -23 4.1
36.954*  1857.8 6.7 2.9 23.232*  5933.2 —23 5.9
0.364 9 14153 1627.3 -3.7 1.4 2.695 10.890  5596.1 1.9 3.8
27.521*  1550.9 3.0 18 23.223*  5513.3 36 5.6
0.236 9 39.138  1247.1 10.0 3.4 2.343 10936 4909.2 1.7 37
42393  1237.0 13.0 37 12.145  4896.0 -13 3.6
0.166 8 31.584  1108.7 7.8 2.5 24562"  4811.2 -4.9 5.0
35.581 1093.6 10.9 2.7 2.067 12996  4386.4 47 3.4
0.091 26 21.289 913.4 1.2 14 26.194°  4296.8 —2.0 48
19.202 929.0 3.9 13 12781  4378.6 —4.8 3.4
0.042 34 9.973 742.5 6.5 3.1 25.888°  4293.8 -6.6 47
11.236 724.5 0.1 3.0 1.805 12,967  3927.0 37 3.1
10.765 738.3 9.7 3.0 26.235*  3844.0 40 43
0.001773¢ 8.404 71.5 —5.4 7.2 12.390  3935.9 7.9 2.9
0.001 548 7.612 67.5 —2.1 6.2 25.210°  3854.7 9.4 42
0.001835 8.521 89.4 9.6 6.4 1.453 14884  3327.6 0.3 3.0
0.001 550 6.828 73.3 ~5.4 5.0 30.371°  3234.4 -37 42
0.002 129 10.621 75.9 —2.1 6.0 15351  3323.4 -0.5 3.1
0.002 159 10.713 76.6 —2.4 5.2 31.136*  3231.6 —2.9 43
0.002 160 10.798 79.0 0.6 47 1.218 15587 29513 -0.8 27
0.002 013 9.986 72.0 ~4.9 44 31.192*  2859.7 —4.4 3.8
0.002 793 13.727 93.9 5.3 5.4 15.445  2950.4 -2.7 27
0.002 424 11.972 85.4 2.1 47 31.326*  2859.5 —4.0 3.8
0.002 874 14.258 84.5 —4.1 5.0 1.030 21.800  2622.4 -0.6 3.4
0.008 730 18.593 97.9 0.4 5.4 44.183*  2515.8 -5.3 47
0.004 186 21.206 97.8 -20 5.4 22184  2617.7 -3.1 3.4
0.003 695 18.473 95.1 1.7 3.6 44556° 25133 -65 47
0.002 752 14.153 76.5 -6.8 2.3 0.8723 18.888  2400.4 1.1 27
38.007* 23015 —2.3 3.7
Holmium Chloride 18.836 2398.8 —0.9 2.7
3.694 52215  7644.8 3.4 10.0 38.131°  2301.4 —19 3.7
45455 76485 169 100 0.631 1 36.675  1937.1 2.8 4.1
45.468  7677.1 11.8 10.0 74.494*  1808.8 —28 5.5
3.323 42.850  6839.2 —8.1 10.0 34.328  1945.6 1.3 38
40.348  6870.6 13.4 10.0 68.673°  1823.8 —28 51
2913 44302 59492 s 100 0.476 4 34893  1696.8 8.4 35
45051  5940.1 -3.6 10.0 74.270°  1563.0 4.3 4.9
2.669 42.380  5430.3 -10.4 10.0 38.032 16821 6.8 3.7
43.481  5440.4 4.0 10.0 76.527*  1556.0 8.1 4.9
2365 469220 48174 57 100 0.387 4 29.041 1569.5 10.0 26
46458 4806 71 100 58.706*  1453.5 6.5 35
2.007 42.497  4150.0 -26 10.0 30239 = 1563.2 9.5 28
42811 41656 14.2 10.0 62.600°  1440.8 5.4 3.8
1.685 36.566  3622.5 10.9 9.0 0.266 6 65.206 12011 70 54
36.506  3591.0 -20.9 8.9 65.400 1201.4 7.8 5.4
1349 44529 30201 P P 0.167 4 29.084  1106.0 13.2 2.3

44556  3043.3 15.1 9.2 27782 11124 13.0 2.2
1013 33432 25475 15 o 0.086 89 16.281 913.2 10.7 1.6
33.270  2553.4 3.7 5.8 19.018 892.1 7.6 1.3
0.819 5 34857 22433 -0.1 4.6 0.045 84 10.439 758.1 19.7 3.0
73.102° 21140 0.3 6.5 9.499 756.0 13.9 8.2
0.518 3 47156 1704.1 -7.5 5.5 0.002304¢ 11391 78.9 -03 9.3
0.007 310°  34.857 129.4 ~0.4 8.0 0.001695 8.474 603 —87 6.5
0.001 553 7.497 60.1 -9.3 6.0
Erbium Chioride 0.001 858 8.934 72.5 -25 6.5
3.782 11.096 — — — 0.001 782 8.833 72.0 0.9 6.2
22.496°  7824.1 —145 7.4 0.002 367 11.662 78.7 16 7.3
11391 7917.9 3.2 5.4 0.002 323 11.418 80.1 0.1 7.2
23.040°  7839.1 3.5 7.6 0.002 322 10.890 82.8 -1.7 6.8
3.535 8.474  7390.3 —4.1 3.7 0.002 456 12.145 84.9 3.7 6.1
16.950°  7330.0 45 5.3 0.002 619 12.996 89.6 6.7 5.9
7.497  7401.3 -3.4 3.4 0.002 589 12.781 84.9 1.8 5.8
15.531*  7341.2 5.9 49 0.002 623 12.967 83.1 -03 5.3
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Table I. Continued

Exptl — Exptl —
—=AHp caled G, —AH; 5 calcd a,
m; 10*my  cal mol™' {cal mol~") cal mol~! m; 104m;  cal mol™' {cal mol™") cal moi~’

0.002 521 12.390 81.1 —15 5.1 0.3700 16.008 1598.0 3.6 1.6
0.003 037 14.884 93.3 4.1 5.2 32.160* 1509.7 5.0 2.1
0.003 114 15.351 91.8 2.4 5.2 14.432 — —_ -
0.003 119 15.587 91.6 3.7 4.7 30.714* 1519.0 7.7 2.1
0.003 133 15.445 90.9 1.3 4.7 0.280 1 10.420 1469.7 1.2 1.3
0.004 418 21.800 106.6 4.7 5.8 21.344* 1396.4 6.0 2.0
0.004 456 22.184 104.4 3.4 5.8 9.666 1484.0 8.6 1.5
0.003 801 18.888 98.9 3.4 4.6 20.035* 1406.7 8.5 2.2
0.003 813 18.836 97.4 1.1 4.6 0.163 8 31.360 1077.2 4.4 2.4
0.007 449 36.675 128.3 5.6 6.9 27.123 1096.2 2.9 2.1
0.006 887 34.328 121.8 4.1 6.4 0.087 27 16,104 908.3 0.1 1.6
0.007 427 34.893 133.8 41 6.0 20.196 883.8 2.1 1.3
0.007 653 38.032 126.1 3.7 6.1 0.038 09 7.420 714.3 4.5 3.6
0.005 871 29.041 115.9 3.5 4.4 7.857 709.1 4.0 3.5
0.006 260 30.239 122.5 41 4.7 0.001 798¢ 4.347 — _ —
0.001775 8.845 83.0 12.2 7.0
Thulium Chiorlde 0.001 711 8.277 71.2 -1.1 6.8
3.881 8.486  8048.1 17.1 47 0.001 403 6.802 71.4 5.0 55
4347 80416 —394 42 0.001 554 7.690 61.7 -5.9 6.0
17.978° 7967 1 12.0 6.4 0.001 488 7.333 67.9 1.2 5.3

3.700 8.845  7674.4 46.2 4.1 0.001723 8.300 76.1 3.8 6.1
17.749* 75914 340 57 0.002 026 9.967 75.4 -0.5 6.2

8.277 7670.0 36.1 3.9 0.002 114 10.550 71.1 —4.8 5.8
17.115* 7598.8 37.2 5.6 0.003 229 15.602 91.4 -1.8 6.8
3.620 6.802 74543 203 3.1 0.003 325 16.281 94.8 2.1 6.9
14.033° 7382.9 —253 4.5 0.003 628 17.506 101.5 4.0 6.8

7.690 7435.3 —29.4 35 0.003677 18.114 92.4 -3.3 6.1

15.539* 7373.7 —235 4.9 0.003 753 18.533 96.9 0.8 6.1
3.308 7.333 6842.1 4.9 3.1 0.003 954 19.501 101.3 3.1 52
14.884° 6774.2 3.7 4.3 0.004 053 19.687 99.6 -1.3 53
8.300 6826.3 —0.6 3.5 0.003 913 19.325 96.2 -1.4 4.5
17.231* 6750.2 -38 5.0 0.003 983 19.785 100.8 3.3 4.5
2916 0.885 _ _ _ 0.004 309 21.050 105.1 26 43
19.572*  5853.8 —253 48 0.004 310 21.391 104.4 3.8 43

9.967 5955.6 48 36 0.004 614 23.184 99.2 -23 4.1
2.509 10.550 5313.4 —2.4 3.4 0.002 134 10.420 73.4 —49 2.4
21.142° 52423 24 47 0.002 003 9.666 77.4 0.1 2.6
9.716 5320.7 —-2.7 3.6 Ytterbium Chloride

20.702 — — —_ 4.003 10.189 8172.3 —-1.0 51

2.225 14.040 4584.4 -1.3 45 21.298* 80919 -1.9 7.4
13.668 — — — 3.515 11.465 7114.8 5.4 56

28.005* 4502.1 0.7 5.4 10.903 — — -

1.953 15.602 4096.7 2.7 3.9 3.204 13.126 6445.2 5.0 49
32.285* 4005.4 4.5 55 25.412* 6359.7 -3.0 6.6

16.281 4101.0 11.7 4.0 2.881 17.573 5743.6 —6.2 6.0

33.247*  4006.1 9.6 5.6 35.665*  5651.0 -5.1 8.5

1.712 17.506 3692.5 16.3 3.9 2.558 18.131 5109.8 -7.0 5.6
36.277*  3591.0 12.4 5.6 37.357*  5019.5 -0.1 7.9

18.029 —_ — — 2.176 16.999 4426.0 2.2 4.4

36.470" 3574.9 —2.9 55 33.028* 4336.0 -1.6 59

1.458 18.114 3258.9 —-5.8 3.5 1.920 17.783 3971.0 —6.3 49
36.772*  3166.5 -26 4.9 17.986 3983.7 7.7 5.0

18.533 3262.5 0.5 3.6 1.667 23.522 3533.0 4.5 5.0

37.528* 3165.7 -0.3 5.0 49.886* 34179 1.2 7.3

1.037 19.501 2611.9 -1.4 3.0 1.445 26.595 3168.5 4.3 4.9
39.539*  2510.6 —4.5 4.2 52.476*  3060.1 0.0 6.6

19.687 2605.8 —6.3 3.1 1.206 25.756 2807.0 0.0 4.3

40.526* 2506.3 =5.0 4.3 52.766" 2692.8 —4.7 6.0

0.8232 19.325 2282.2 -12.3 26 1.005 31.315 2482.1 —-0.2 45
39.125*  2186.0 -11.0 3.6 63.028*  2363.6 —4.7 6.1

19.785 2287.9 —3.8 2.7 0.794 4 32.810 2165.0 1.1 4.1

39.829*  2187.1 —7.1 3.7 65.545*  2047.2 -24 5.5

0.6405 21.050 2009.4 3.1 25 0.656 7 39.753 1927.7 0.7 53
43.086* 1904.3 0.6 3.5 0.497 5 39.363 1679.2 2.0 4.6

21.391 2009.5 5.2 2.5 0.387 5 39.200 — — -
43.099* 1905.1 14 3.4 1.478 23.455 3219.4 1.6 45
0.5156 21.492 1806.9 0.6 2.7 47.569*  3113.4 0.5 6.2
23.184 1799.1 25 2.4 23.678 3218.3 1.7 45

46.145* 1699.9 4.9 3.3 48,247* 3111.2 0.7 6.3
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Table I. Continued

Exptl — Exptt —
—AHy, calcd a, —AH;y, caled a,
m; 104my cal mol™? (cal mol™") cal mol™' m; 104my cal mol™’ (cal mol™") cal mol™’

1.215 19.643 2847.9 2.5 3.3 3.307 10.043 6622.8 10.3 4.2
39.263* 2750.9 1.6 4.5 21.800* 6537.4 9.2 6.3

19.342 2847.3 0.1 33 9.622 6621.2 4.8 3.8

39.577* 2747.0 -1.1 4.6 19.519* 6549.3 7.4 54

1.002 31.282 2468.6 —2.7 4.7 3.086 8.815 6162.6 -11.1 3.3
67.519° 2339.5 —-3.9 6.8 18.037° 6087.5 —13.2 4.7

37.835 2440.7 —2.1 6.3 9.413 6176.6 8.8 3.6

21.604 2521.0 —-0.3 3.2 19.981* 6095.5 7.0 53

43.283* 2418.7 -2.7 4.4 2.917 8.032 5839.2 -5.8 29

21.734 2521.0 0.5 3.2 16.386" 5765.3 -9.9 4.1

43.983* 2418.5 -03 4.5 8.970 5821.7 -13.8 3.2

0.796 3 22.487 2212.7 —2.5 3.0 18.542* 5748.4 —12.5 4.6
47.005* 2098.7 —8.1 42 2.569 9.437 5167.1 4.1 3.1

23.697 2195.5 -13.0 3.6 20.693* 5069.4 —10.2 48

21.381 2222.5 0.9 3.0 10.963 5154.8 5.7 3.9

47.527* 2103.3 —-1.6 4.4 2.249 11.269 4573.1 7.7 3.6

22.146 — — — 11.451 4561.7 —-2.2 3.2

46.854" 2106.1 -1.2 4.2 23.484* 4480.7 -1.9 4.5

0.648 7 23.775 1986.6 —-1.1 2.8 1.999 12.631 4139.7 16.1 3.7

48.637* 1877.0 —-3.8 3.9 16.054 — — —
22.877 1986.6 —6.1 2.8 30.658" 4025.0 9.4 5.2
49.112* 1871.5 -7.5 4.0 1.719 23.194 3598.4 3.1 5.0
0.503 6 19,936 1792.0 8.0 2.2 47.679* 3491.9 34 7.0
42.732* 1681.2 4.8 3.1 22.043 3606.9 5.0 4.7
17.901 1795.4 —-1.5 1.9 44 436" 3502.1 1.9 6.5
36.796" 1696.0 -39 2.7 0.090 44 14.501 921.4 —8.1 1.9
0.432 4 31.170 1607.5 —-0.3 3.0 12.859 940.0 —-2.1 2.2
64.899° 14847 —2.2 4.1 0.041 02 5.726 745.1 —5.2 3.8
28.441 — — — 7.263 720.8 -11.2 3.6
58.829"* 1500.0 —4.8 3.7 0.01119 1.899 499.4 25.6 4.5
0.2519 24.187 1318.0 8.3 1.3 2.161 464.7 -3.2 44
28.037 1291.8 2.1 2.6 0.002 180°¢ 10.043 85.4 1.2 7.6
33.408 1270.8 6.3 3.0 0.001 952 9.622 71.9 —2.6 6.7
0.162 5 30.858 1064.6 —-2.3 23 0.001 804 8.815 75.0 2.1 5.8
27.594 1081.1 -1.5 2.1 0.001998 9.413 81.1 1.8 6.4
33.501 1044.7 —10.2 2.5 0.001 639 8.032 73.9 4.1 5.0
24.641 1089.0 -9.0 1.9 0.001 854 8.970 73.3 -1.3 5.6
17.995 1137.4 0.3 1.5 0.002 069 9.437 97.7 14.3 5.7
18.241 1141.4 59 1.5 0.002 348 11.451 81.0 -0.3 5.5
0.002 130° 10.189 80.4 0.9 9.0 0.004 768 23.194 106.5 —-0.3 8.6
0.002 541 13.126 85.5 8.0 8.2 0.004 444 22.043 104.8 3.1 8.0
0.003 566 17.573 92.6 =11 104 0.004 757 23.455 106.1 1.1 7.6
0.003 736 18.131 90.3 —6.9 9.7 0.004 825 23.678 107.1 1.0 7.7
0.003 303 16.999 90.0 3.8 7.3 0.003 926 19.643 97.0 1.0 5.6
0.004 989 23.522 115.1 3.3 8.9 0.003 958 19.342 100.3 1.2 57
0.005 248 26.595 108.4 4.3 8.2 0.006 752 31.282 129.1 1.2 8.2
0.005 277 25.756 114.2 4.8 7.3 0.004 328 21.604 102.2 2.4 5.4
0.006 303 31.315 118.5 4.5 7.6 0.004 398 21.734 102.5 0.8 5.5
0.006 555 32.810 117.8 3.4 6.9 0.004 700 22.487 114.0 5.6 5.2
Lutetium Chioride 0.004 753 21.381 119.1 2.5 5.3
4,128 7.552 — —_ —_ 0.004 864 23.775 109.6 2.7 4.8
15.437° 8297.7 —-11.7 55 0.004 911 22.877 115.0 1.5 4.8
6.970 8362.3 —21.8 4.0 0.004 273 19.936 110.9 3.1 3.8
3.913 7.404 7927.2 9.5 4.1 0.003 680 17.901 99.3 23 3.3
7.258 7949.7 30.4 4.0 0.006 490 31.170 122.9 1.9 5.0

2 Dilutions made into very dilute HCI (pH 4.4). © For a starred sample f= 3 and its corresponding f= 2 value (unstarred) is given immediately above. € For
each salt, all entries above this point are AH, » or AH, 3 values, the rest are AH; 3 values.

The order of the ¢ curves in dilute solutions for the chlorides,
perchlorates, and nitrates are in agreement with a general trend
in that ¢, decreases with increasing anion size. The lower ¢,
values of the nitrates, particularly near Sm(NO3)s, are due to
nitrate complex formation as discussed in the nitrate paper (30),
where it was shown that the largest amount of complex forma-
tion occurs near Sm(NO3); in dilute solutions. Complex formation
is also responsible for the eventual drop of all the nitrates below
the respective perchlorates at higher concentrations. The

SM(NO3)3 ¢ curve drops below Sm(ClO4); at 0.04 m while the
others cross at higher concentration. This is in agreement with
the degree of complex formation for the nitrates. Curves similar
to Figures 3, 4, and § for Pr, Nd, Gd, Dy, and Er, salts for which
data on the three anions are available, show behavior interme-
diate to those given for La, Sm, and Lu. The ¢, curves of all the
rare earth chlorides are quite similar as was the case for the
perchlorates (3 7), while the nitrate curves showed a much larger
spread with concentration (30). The L, curves for four chiorides
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Table Il. Heats of Solution of Some Rare Earth Chloride
Hydrates at 25 °C

—AHy du(m), L,
Hydrate 10*m; calmol™' calmol™’ cal mol™!
LaCl3-7H20 11.580 6 476.9 217.8 6 694.7
27.857*% 6 363.3 322.7 6 686.0
13.898 6 461.6 236.7 6 698.4
27.963* 6 371.2 323.2 6 694.4
Av 6693 %5
PrCl3:7H,0 15.984 6761.2 248.0 7 009.3
34.328* 6 653.0 346.3 6 999.3
16.744 6 753.4 253.2 7 006.7
34.469* 6 657.0 346.9 7 003.9
Av 7005+4
NdCiz-6H,0 9.296 8965.3 191.9 9 157.2
12.503 8900.4 219.4 9 119.8
28.058* 8 806.6 312.8 9119.4
Av 9132+ 18
SmCl;+6H,0 7.236 8 430.1 172.7 8 602.7
15.896* 8 366.9 246.7 8613.7
7.355 84419 174.0 8615.9
16.606* 8 367.0 251.6 8618.6
Av 8613+ 6
EuCl36H,0 13.557 8 488.8 231.4 8720.1
28.175* 8 387.7 320.1 8707.8
Av 8714+ 6
GdCl3-6H,0 7.795 89495 179.9 9129.4
19.141* 8 843.2 270.6 9 113.8
9.666 8921.6 198.6 9 120.2
19.901° 8 835.1 275.3 9 110.4
Av 9119+ 7
TbCl3-6H,0 10.234 9 394.3 204.7 9599.0
20.412* 9 280.8 279.9 9 560.6
9.211 9 348.8 195.0 9 543.8
17.834" 9 257.9 263.5 95213
9.891 9 323.1 201.5 9 524.6
20.044" 9 262.6 277.6 9 540.2
13.469 9 338.8 232.1 95709
29.138* 9 268.2 327.5 9 595.7
11.323 9 309.1 214.4 9 523.6
27.030* 92421 316.9 9 559.0
Av 9 554 + 27
DyCl3+6H,0 9.443 9 788.7 199.0 9 987.7
19.598* 9691.8 277.7 9 969.5
9.060 9773.1 195.2 9 968.3
19.342* 9 690.3 276.0 9 966.4
Av 9973+9
HoCl3:6H,0 9.753 10 232.3 201.5 10 433.8
27.868* 10 101.2 323.3 10 424.5
9.321 10 185.9 197.3 10 383.2
19.999* 10 134.9 279.2 10 4141
12.110 10 192.5 2225 10 415.0
23.232* 101291 298.4 10 427.5
9.223 10 211.9 196.3 10 408.2
17.314* 10 163.5 261.7 10 425.2
Av 10 416 £ 15
ErCl3-6H.0 6.436 10 578.6 164.3 10 742.9
TmCl3+6H20 9.784 10 922.2 199.5 11121.7
YbCl3-6H20 6.595 11 366.4 165.9 11 5632.3
14.205* 11265.5 235.6 11 501.1
6.959 — — —
14.319* 112748 236.5 11511.1
Av 11515 + 11
LuCl;6H,0 7728 116753  178.9 11854.2
18.801 116075  267.9 11875.4
5551 116960  153.4 11849.5

Av 11860 £ 11

2 For a starred sample f = 3 and its corresponding f = 2 value {unstarred)
is given immediately above.
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Figure 1. Comparison of experimental and calculated AH for TbClj:
solid circles, AH, ; and AH, 3, this work; half-filled circles, AH, ; and
AH; 3, Spedding, Csejka, and DeKock (28); open circles, AHj 5, this
work and Spedding, Csejka, and DeKock (28).
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Figure 2. I_’,- for TbCl3; plus, Spedding, Csejka, and DeKock (28); cross,
this research; line, fromeq 7.

are shown in Figure 6. The rest of the chlorides fall between
TbCl3 and NdCls. The L, curves for three rare earth chiorides,
perchlorates, and nitrates are compared in Figure 7. Clearly, the
effect on the solvent by the chiorides and perchlorates is dif-
ferent from that of the nitrates.

In order to compare_differences between the several rare
earth chlorides, the ¢, L,, and L, values are shown as a function
of rare earth ionic radius at several even concentrations in
Figures 8, 9, and 10. The two-series effect in perchlorate solu-
tions and in dilute nitrate solutions also appears in the rare earth
chloride solutions. At a given concentration, ¢, decreases for
the light rare earth chlorides to about NdClj, then increases to
somewhere near TbCl;, and again decreases for the rest of the
heavy rare earth chlorides. It has been suggested that the
coordination in the first cation hydration sphere decreases be-
tween Nd and Tb, where the light, larger rare earths have the
higher, and the heavy, smaller rare earths have the lower water
coordination (33). The rare earth ions between Nd and Tb would
have mixtures of the two coordinations. Differences in the heats
of hydration of the two coordinated forms and the effect on hy-
dration beyond the first coordination sphere, as a function of
concentration, are thought to be responsible for the displacement
of ¢ in the middle of the rare earth series. Similar anomalies in
the partial molal volumes (35), expansibilities (73), heat ca-
pacities (38), activities (39), conductances (34), and viscosities
(40) have been correlated with this model.

As mentioned earlier, ¢ decreases with increasing anion size
(if alltowance is made for nitrate complex formation) in agreement
with trends found for other strong electrolyte solutions. However,
opposite the trend expected, ¢, increases with increasing rare



Table lil. Parameters for Equations 6 and 7

P2 P3 Pa Ps Pe
Salit? An Aj As As Ag
LaCl, 1.00 1.50 1.75 2.00 2.75
—18851.9306 56881.9234 —66921.7907 25185.78432 —700.23677
PrCls 1.00 1.25 1.75 2.25 2.50
—25828.7453 31450.0882 —15249.2703 7777.34511 —2633.94188
NdCl, 1.00 1.25 1.50 1.75 2.25
—31713.2644 58452.1912 —45251.2878 14585.94568 —581.33918
SmCl, 1.00 1.25 1.75 2.25 2.50
—26728.8051 33919.6472 —17962.2252 9904.52418 —3498.29178
EuCl; 1.00 1.25 1.75 2.25 2.50
—24928.1020 30523.8496 —14973.3525 7860.25313 —2724.85141
GdCly 1.00 1.25 1.75 2.25 2.50
—24509.6976 29804.0854 —14242.9582 7309.40773 —2509.29592
TbCly 1.00 1.25 1.75 2.25 2.50
—23236.0089 26966.4642 —11268.9175 5068.04202 —1620.50293
DyCi3 1.00 1.50 1.75 2.00 2.75
—18103.0608 55337.3144 —65298.4944 24686.18650 —700.87878
HoCl, 1.00 1.50 1.75 2.00 2.75
—18734.6295 58919.0500 —70253.7518 26715.43185 —757.19460
ErCly 1.00 1.25 1.75 2.25 2.50
—25245.0667 31254.9820 —15471.4556 8199.42200 —2865.06067
TmCly 1.00 1.25 1.75 2.25 2.50
—24810.8966 30331.2598 —14683.1379 7662.19592 —2659.03415
YbCla 1.00 1.25 1.75 2.25 2.50
—25672.0766 31961.3108 -16003.8184 8506.16918 —2972.90038
LuCl3 1.00 1.25 1.75 2.25 2.50
—24936.2600 30531.9869 —14832.5564 7731.35861 —2681.23967
2 py = 0.50, A; = 6990.00 for all salts.
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Figure 3. Relative apparent molal enthalpy of aqueous lanthanum
chloride, perchlorate, and nitrate solutions at 25 °C, from eq 7; DHLL,
Debye-Hiickel limiting law.

earth cation size (for a given hydration series) in the chlorides
reported here and the perchlorates and nitrates presented in
earlier papers. This might be understood if the total hydrated
cation radius plays a dominant role rather than the inner sphere
cationic radius. It is known that the effective hydrated radius
increases from La to Nd and Tb to Lu as shown by increasing
viscosities (40) and decreasing conductances (34).

Most of the rare earth chloride complexation studies ( 7, 4-6,
9, 10, 18, 20-22, 24, 26) indicate that outer sphere chloride

(MOLALITY)1/2

Figure 4. Relative apparent molal enthalpy of aqueous samarium
chioride, perchlorate, and nitrate solutions at 25 °C, from eq 7; DHLL,
Debye-Hiickel limiting law.

complexes are formed by an ionic strength of 1 M. Furthermore,
the amount of inner sphere chloride complex formation is small
(3-6, 9, 18, 24), if it is present at all. The persistence of the
two-series effect, in the heat properties to high concentrations
for the rare earth chlorides, indicates that the first hydration
sphere of the cation remains largely intact to high concentra-
tions. This is in agreement with the stability constant studies
mentioned above. In contrast, the two-series effect disappears
in the rare earth nitrates (30) where inner sphere nitrate com-
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Figure 5. Relative apparent molal enthalpy of aqueous lutetium chioride,
perchlorate, and nitrate solutions at 25 °C, from eq 7; DHLL, Debye-
Hiickel limiting law.
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Figure 6, Relative partial molal enthalpy of some aqueous rare earth
chlorides at 25 °C, from eq 8; DHLL, Debye-Hiickel limiting law.

plexation is known to occur. Furthermore, although most of the
equilibrium constants reported in the literature for the chloride
complexes are only slightly smaller than those for the nitrates,
the heat of formation of the chioride complex is smaller than the
heat of formation of the nitrate complex by an order of magnitude
(5). This accounts for the fact that the ¢ curves of the chlorides
(Figures 3-5) are lowered to a much smaller extent than the ¢,
curves of the nitrates.

The heats of solution for 13 rare earth chloride hydrates, six
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Figure 8. Relative apparent molal enthalpy of some aqueous rare earth
chloride solutions at 25 °C, fromeq 7.

rare earth nitrate hydrates, and four rare earth perchlorate hy-
drates are shown in Figure 11. LaCl3:7H,0 and PrCl;-7H20 are
nine-coordinated with two chlorides and seven waters in the first
coordination sphere, while the rest of the chloride hydrates are
eight-coordinated with two chlorides and six waters in the first
coordination sphere (2, 71, 19, 47). From the discussion above
we believe that upon dissolution of the rare earth chioride hy-
drates, the two chlorides in the first hydration sphere are dis-
placed by water molecules in the solution. In Figure 11 we have
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Figure 9. Relative partial molal enthalpy of some aqueous rare earth
chloride solutions at 25 °C, from eq 8.
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Figure 10. Relative partial molal enthalpy of the solvent in some
aqueous rare earth chloride solutions at 25 °C, from eq 9.

plotted the heat of the solution of the rare earth hexahydrates
to form a 3.5 m solution (solid circles), and the heat of solution
in forming saturated solutions (crosses). Although these 11 rare
earth chioride hexahydrates are isostructural ( 77), in both the
heats of forming a 3.5 m and saturated solutions, there is an
upturn from Tb to Nd. This may reflect the formation of some of
the higher inner sphere water coordination for these ions, while
Tb to Lu form solely the lower coordination in the solution
phase.

Of the nitrate hydrates for which heats of solution were
measured in this laboratory, the nitrates of La, Nd, Gd, Ho, and
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T T T T T T i1 T 1T TTT1T1T

kcal /7 mol

Cl~ 35m -+
B Cl5 sat.—

C
~

NO3', Om

l | 1 1 1
105 100 085 090 085

JONIC RADIUS, A

Figure 11. Relative molal enthalpies of some rare earth chloride, per-
chlorate, and nitrate hydrates at 25 °C; diamonds, perchliorate oc-
tahydrates; open circles, chloride hydrates; triangles, nitrate hydrates.
The (negative) heats of solution in forming a 3.5 m solution (filled circles)
and the (negative) heats of solution in forming a saturated solution
(crosses) from the rare earth chloride hexahydrates are also shown.

Er are hexahydrates, while lutetium nitrate is a pentahydrate (30).
In Pr(NO3)3-6H,0 the praseodymium ion is ten-coordinated with
three bidentate nitrate ions and four waters in the first coordi-
nation sphere (8, 25, 42). From the primitive cell dimensions,
the La, Ce, Pr, and Sm nitrate hexahydrates appear to be iso-
structural (8, 16, 17, 25, 42). The four perchlorates examined
are octahydrates (37). We are not aware of any structural in-
formation on the rare earth perchiorate hydrates.
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Department of Chemistry, Govt. Sclence College, Rewa (M.P.), Indla

Preparation and properties of ten new N-arylhydroxamic
aclds derived from O-tolylhydroxylamine are described.
These aclds are white crystalline solids and characterized
by elemental analysis and infrared spectra.

in the previous communication the preparation and properties
of 25 hydroxamic acids derived from p- and m~tolylhydroxyl-
amine have been described ( 7, 2). Further work on ten N-ar-
ylhydroxamic acids derived from substituted benzoic acid with
the general formula (I) are reported for the first time

CH,
N—OH

R—C==0
!

where R is substituted benzoic acld derivatives.

The procedure based on the Schotten and Baumann reaction
was used for the preparation of these N-arylhydroxamic acids.
Thus freshly prepared N-o-tolylhydroxylamine and vacuum
distilied acid chloride in equimolar proportions are reacted at
low temperature In diethyl ether containing an aqueous sus-
pension of sodium bicarbonate. The N-arylhydroxamic acids so
obtained are purified by crystallization from a mixture of benzene
and petroleum ether.
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Discussion

The physical properties of N-arylhydroxamic aclds are given
in Table I. All the hydroxamic aclids are white crystalline solids
except the iodo and nitro derivatives which are light pink and
yellow, respectively. They are sparingly soluble in water but
readily soluble in benzene, ethy} alcohol, dioxane, diethyl ether,
and chloroform.

The infrared spectra of the synthesized hydroxamic acids
were determined primarily for their characterization. In the in-
frared spectra only those bonds which are associated with the
hydroxamic acid functional group, -N(OH)-C=0 have been
assigned. The presence of the (O-H) stretching band is assigned
in the region of 3200 cm™" and conforms with the reported value
( 1-6). The lower shift of (O-H) was due to the intramolecular
hydrogen bonding of the type -OH:«C==0. The (C==0) and
(N—O) bands are assigned at about 1620 and 920 cm™", re-
spectively.

Experimental Section

Infrared Spectra. infrared spectra were recorded in the 2-15
A reglon on a Perkin-Eimer Model 137 or 221 spectrophotometer
equipped with sodium chloride optics and calibrated by standard
methods. A-Arylhydroxamic acids were dried under vacuum over
P205 and examined as KBr pellets.

Acld Chlorides. These were prepared by the action of thionyl
chioride on the corresponding benzoic aclds. The bolling points
and yields of the acid chlorides, thus produced, were in agree-
ment with the values given in literature (7).

Procedure. A typical procedure for N-o-tolyl-p-fluoroben-
zohydroxamic acid is described here.

into a 500-ml, three-necked flask, equipped with stirrer,
dropping funnel, and thermometer, 100 mi of diethyl ether, 12.3
g (0.1 mol) of freshly crystallized O-tolylhydroxylamine, and a



