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Solvation of the Tris(1,10-phenanthroline)iron(II)
Cation as Measured by Solubility and Nuclear Magnetic

Resonance Shifts!
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Abstract: A model for the solvation of the [Fe(phen)3;]2* cation is proposed based on the geometry of the complex. The solva-
tion energy is considered to be the sum of two parts: that due to the ion-dipole interaction with the solvent and that due to
the van der Waals interaction between the solvent and the aromatic ligands. The model was tested, and verified, by measur-
ing the solubilities of Fe(phen)3(ClO4)2 and naphthalene in ten pure solvents, and in mixtures of water with methanol, ace-
tone, and N,N-dimethylformamide. The van der Waals interaction with the ligands was shown to parallel the interaction
with naphthalene. The NMR chemical shifts of the 5.6 protons on Fe(phen);2* were measured in some of the solvent sys-

tems.

In attempting to understand the effect of solvent on the
rates of racemization and dissociation of the complex [Fe-
(phen)3]2* cation.? it became apparent that it would be
necessary to investigate by independent methods the extent
of the solvation of this ion. The large size of the ion, its non-
spherical shape, and the aromatic character of the ligands
cause this ion to have some unusual features in its interac-
tion with solvents. Although a wide variety of experiments
provide some hints about the interaction, there has been no
attempt made to measure the solvation energy. This paper
reports such an attempt.

We began with the view that the solvation of [Fe-
(phen)32+] is governed by two factors: one is the ion-dipole
solvation energy. and the other is the solvation of the Ii-
gands by solvent molecules via an interaction of the van der
Waals type. The solvation of the ligands by the latter inter-
action would then be similar to the solvation of an aromatic
hydrocarbon by the solvent. If this view is correct it should
be possible to relate the solubility of Fe(phen);(ClOy); to:
(1) the solvent dielectric constant, and (2) the solubility of
an aromatic compound whose solvent-solute interactions
approximate those of the coordinated phenanthroline li-
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gands. Naphthalene was chosen as the test solute for the
comparison.

Experimental Section

Chemicals. The compound tris(l,10-phenanthroline)iron(II)
perchlorate was prepared several times in the same manner. Typi-
cally 1.00 g of FeCly.4H>0 was dissolved in 25 ml of water and
3.00 g of 1.10-phenanthroline hydrate in 25 ml of methanol was
added to it. The mixture was heated on a steam bath and 7.0 g of
NaClO4H;0 in 100 ml of water was slowly added. The resulting
fine crystals of Fe(phen)3;(ClOy)> were collected on a medium frit-
ted glass filter, washed with cold water, and dried in a vacuum des-
iccator, With care nearly 100% yield could be achieved. If, how-
ever, the sodium perchlorate is rapidly added to a cold solution of
Fe(phen)s;2* in water, a very fine precipitate is produced which is
difficult to filter.

Methanol (Baker Chemical Co. “Defined Purity” grade) was
dried by refluxing with and then distilling from magnesium meth-
oxide.? Acetone (Baker “Analyzed” Reagent) was dried by treat-
ing with Drierite, filtering, and distilling. V,N-Dimethylformam-
ide obtained from Matheson Coleman and Bell was treated with
Drierite, filtered, distilled under vacuum, and stored in a glass
stoppered bottle in a desiccator (n247D 1.4303; lit. n2°D 1.42944).
Fisher Scientific Co. Certified Reagent dimethylformamide was
used in preparing the dimethylformamide-water mixtures.

Formamide (Fisher Reagent Grade) was purified by vacuum
distillation, the initial and final 20% being discarded. The remain-
der was fractionally frozen to a melting point of 2.50°C (lit.’
2.55°C, K¢ = 3.50). It was stored in standard taper glass stoppered
flasks under nitrogen and in the dark. Dimethyl sulfoxide (Fisher
Certified Reagent) was treated with Linde 4A molecular sieve, and
fractionally frozen twice. The melting point was 18.55°C (lit.6
18.55°C).

Glycerol (reagent, minimum purity 95%) was purified by distil-
lation at reduced pressure, discarding the initial 30% and the final
20%. (n2°D (obsd) 1.4736; lit.7 1.4735). Ethylene glycol (Eastman
Chemical Co.) was found to contain 0.2% water and was used as
received. Acetonitrile (Matheson Coleman and Bell Spectro-quali-
ty Reagent) was used without further purification (n3°D (obsd)
1.3411; 1it.8 1.3393; density (obsd) 0.7738 at 27°C; lit.8 0.7745 at
27°C).

Naphthalene was recrystallized from methanol. The melting
point was 80.0°C (lit. 80.22°C, K¢ = 68). Anhydrous sodium per-
chlorate was dried by heating to 120°C under vacuum before each
use. Reagent grade acetic acid, minimum 99.7% AcOH, was used
without further purification. Mixed solvents were prepared and
stored in glass stoppered volumetric flasks. The components were
either weighed in the flasks or transferred into the flasks from bu-
rets. Both methods allowed a precision of 0.001 in the mole frac-
tion of the solvent components. All solvents were kept in tightly
capped glass containers, and protected from direct exposure to the
sunlight. In all cases solvents which had been stored for extended
periods or opened repeatedly were discarded in favor of fresh sol-
vents. Aqueous mixtures containing formamide, or N,N-dimethyl-
formamide, were prepared immediately before use to prevent any
errors due to decomposition of the amide. Solvents containing
NaClOy4 were prepared immediately before use.

Solubility of Fe(phen)3(ClOg4)2. The determinations of solubility,
in a variety of solvents and solvent mixtures, were made as follows.
A saturated solution of Fe(phen)3;(ClO4); was prepared by adding
the complex salt to 5 ml of the solvent in a 10-ml ampoule at about
40°C until no more complex would dissolve. The ampoules were
capped with rubber septum caps, suspended in an aquarium bath
held at 25.0 £ 0.1°C, and agitated continuously. The arrangement
shook the ampoules vigorously enough to maintain the crystals of
complex in suspension in the solutions.

Aliquots were withdrawn daily, and the concentration of Fe-
(phen)3(ClO4)> was measured as follows. The shaking was
stopped, and the suspended crystals were allowed to settle. About
0.5 ml of the liquid phase was withdrawn from each ampoule with
a capillary pipet and used to fill a lambda pipet. The same lambda
pipet was used for all measurements and was calibrated to contain
0.250 ml. Care had to be taken not to include any of the crystals of
complex in the dark solutions withdrawn from the ampoules. The
contents of the pipet were discharged and washed into appropriate-
ly sized volumetric flasks. The flasks were filled with distilled
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water and samples withdrawn for analysis. The absorbance of each
solution was measured at 510 mu on a Cary Model 14 spectropho-
tometer in 1.00-cm silica cells.

The solutions in glycerol and ethylene glycol had to be filtered
before diluting for analysis since small crystals would not settle out
of the viscous solvents. The samples were filtered through a small
pipet with a medium fritted glass filter in the end before filling the
0.250-ml pipet.

After three consecutive determinations of solubility in a solvent
gave essentially the same value, the last three values were aver-
aged.

Solvent of Crystallization, In order for the solubility studies to
be meaningful, the nature of the solid in equilibrium with the solu-
tions must be known. The complex perchlorate, as obtained from
several solvents, was investigated to see if solvent was included in a
stoichiometric way in the crystal.

The amount of water in material, which had been recrystallized
from water and air-dried, was determined by weight loss on heat-
ing, Karl Fischer titration, and x ray unit cell size comparison with
experimental density. Three 0.2-g samples of the solid were heated
to 190°C for 20 hr in a drying pistol at 0.005 mmHg pressure in
the presence of anhydrous magnesium perchlorate. The weight
losses corresponded to 0.08, 0.09, and 0.09 mol of H>O per mole of
complex.

Crystal water was also determined by titration with Karl Fischer
reagent. Fisher Scientific Co. SO-K-3 stabilized Karl Fischer re-
agent and SO-K-S diluent were used. End points were detected
electrically by a method® which depends on the depolarization of
platinum electrodes by free iodine. The titrant and methanol sol-
vent were protected from atmospheric moisture by Drierite traps,
and the titration cell was arranged so that samples could be dis-
solved and titrated without exposure to atmospheric moisture. The
strength of the titrant was determined by titration of a reference
solution containing 10.08 mg of H>O/ml. Two 0.1-g samples of
Fe(phen)3(ClO4), were dissolved in dried methanol and titrated.
The water found in the two samples corresponded to 0.36 and 0.38
mol of H>O per mole of complex.

A preliminary x-ray structure investigation of a crystal of Fe-
(phen)3(ClOy4),, grown from aqueous solution, was made using a
Picker full-circle automatic diffractometer. The space groups and
unit cell dimensions were determined from 400, 0k0, and 00/ re-
flections. The unit cell parameters are @ = 35.743 A, b = 15.918
A.c=11642 A, and 8 = 102.32°. The space group is either Cc or
C2/c. The calculated unit cell volume is 6782.8 A3. With eight
formula units per unit cell the calculated densities are: Fe-
(phen)3(ClO4),, 1.558 g/cm?; Fe(phen)s;(ClO4)2-H,0, 1.593 g/
cm?; and Fe(phen)3(ClO4),-2H20, 1.628 g/cm?. The actual densi-
ty. as measured on several crystals by the flotation method in
CCl4-CHCl; at 25°C, is 1.569 g/cm3. This strongly suggests that
the anhydrous formulation is correct.

Infrared spectra were recorded of the solids which crystallized in
the solubility measurements using the solvents acetone, acetoni-
trile, formamide, and NV,NV-dimethylformamide. The crystals were
dried of solvent adhering to the surface by tumbling on filter paper
in a drybox, and KBr pellets were made from 2-mg samples of
each solid and 100 ml of KBr. The infrared spectra were run on a
Perkin-Elmer Model 237B spectrometer. In the specimen from ac-
etonitrile no band was observed in the region 2210-2260 cm™!,
and in the specimens from acetone, formamide, and dimethylform-
amide only weak carbonyl absorptions were observed in the 1650-
1720-cm™' region. It is concluded that the solid in equilibrium
with each solvent was Fe(phen)3(ClOy),.

Solubility of Naphthalene. The method of solubility determina-
tion was similar to that described for the solubility of Fe-
(phen)3(ClO4)>. Two maxima from the reported ultraviolet spec-
trum of naphthalene at 283 and 286 myu were selected for concen-
tration measurement. A reference solution of 0.256 mg/ml of
naphthalene in 95% ethanol was scanned in 0.100-cm matched sili-
ca cells on the Cary 14 spectrophotometer. The maximum at 283
myu had an average absorbance of 0.748 and the maximum at 286
myu had an average absorbance of 0.758.

Saturated solutions of naphthalene were prepared and thermo-
stated in the same way as for Fe(phen);(ClO4)2. A 0.100-ml
lambda pipet was used to measure aliquots of the saturated solu-
tions. The aliquots were diluted with 95% ethanol, and absorbance
was measured in 0.100-cm matched silica cells. For water, the sol-
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Table I. Solubility of Naphthalene at 25.0°C

Solubility Density Solubility

Pure solvents (mol/l.)  (g/ml) (mole fraction) &4
Water 0.000234 0.9971 4.23x 10™° 234
Glycerol 0.01052  1.2528 0.000774 16.5
Formamide 0.0539 1.1320 0.00215 19.2
Ethylene glycol 0.0896 1.1040 0.00506 14.6
Methanol 0.579 0.8080 0.0247 145
Aceticacid 0.882 1.037¢6¢ 0.0542 10.1
Acetonitrile 1.715 0.8368 0.102 11.9
Dimethyl sulfoxide 2.02 1.0750 0.162 -
Acetone 2.75 0.8776 0.233 9.9
N.N-Dimethylformamide 3.12 0.9828 0.281 12.1
Aqueous mixturesd
0.200 Acetone 0.0890 0.9240
0.400 Acetone 0.648 0.8804
0.600 Acetone 1.47 0.8656
0.800 Acetone 2.19 0.8648
0.200 DMF 0.0445 0.9908
0.400 DMF 0.560 0.9800
0.600 DMF 1.30 0.9752
0.800 DMF 2.34 0.9748
0.200 Methanol 0.00207 -
0.400 Methanol 0.0203 -
0.597 Methanol 0.0900 -
0.796 Methanol 0.264 -

2Values from J. Brandrup and E. H. Immergut, “Polymer Hand-
book", Interscience, New York, N.Y., 1966. b Solvent composition
in mole fraction of the organic component.

ubility of naphthalene proved to be too small to measure in this
way., A 100-ml volumetric flask of distilled water and 1.0 g of
naphthalene flakes were thermostated with the other samples.
Quantities of this solution were filtered, and the absorbance of
naphthalene was measured in 5.00-cm matched silica cells without
dilution.

Three solubility measurements were made in each solvent.

Proton NMR of Fe(phen)3(ClO4)2. The chemical shifts of the
protons in the 5,6-positions of the phenanthroline ligands were
measured in several pure solvents, and in mixtures of water with
acetone and N,N-dimethylformamide. The dependence of the
chemical shift on perchlorate ion concentration was measured in
acetone. Spectra were run at 60 MHz on a Varian A-60D spec-
trometer, in combination with a Varian C-1024 time averaging
computer. All spectra were recorded at the ambient temperature of
the sample holder (36°C). The concentration of Fe(phen)3(ClOy)>
generally was 4.0 mg/ml. In water it was limited to 0.6 mg/ml by
the solubility. In acetone the concentration was varied between
0.75 and 6.00 mg/ml. Complex concentrations of 4.0 mg/ml could
be scanned directly on the spectrometer. Lower concentrations re-
quired 4-20 scans with the C-1024 computer to give a measurable
signal.

A reference signal was provided by including a sealed capillary
of benzene in the sample tube. The same reference capillary was
used in all measurements. This external reference system elimi-
nates the solvent effect on the reference signal position and the ref-
erence compound's effect on the properties of the solvent which
would exist with an internal reference. All chemical shifts are re-
ported relative to the benzene signal, and could be reproduced to
within 0.3 Hz.

Results

Solubility of Naphthalene. In Table I are given the mea-
sured values for the solubility of naphthalene in the various
solvent media and the measured densities of the saturated
solutions. The solubilities in pure solvents have been con-
verted to mole fraction units to facilitate comparison with
solubility values in the literature. Agreement is very good
for acetone, methanol, and acetic acid,!? and moderately
good for water.'! Solutions of naphthalene in nonpolar sol-
vents have long served as good examples of “regular solu-
tions”.!2 Although the solvents used in this work are highly
polar, it is interesting to examine the trend in solubility with

the solubility parameter, 5. It will be noted (Table I) that
the general trend is an increase in solubility as & of the sol-
vent decreases (the value of § for naphthalene is 9.9), al-
though there are several exceptions in the order.

Composition of the Solid. The weight loss on heating and
the Karl Fischer moisture determinations on Fe(phen)s-
(ClOy): give, respectively, 0.09 and 0.37 mol of H,O per
mole of Fe(phen)3;(ClOy),. Thus, this salt is best formulat-
ed as an anhydrous salt and not as the dihydrate as suggest-
ed by Pfeiffer and Werdelmann.!? The water which was
found probably came from inclusions in the crystals or was
adsorbed on the surface of the crystals. Heating under vac-
uum might not break open all of the inclusions but would
remove the water adsorbed on the surface. The Karl Fischer
titration would indicate both the surface water and that
which was trapped in inclusions, The infrared spectra of
crystals of Fe(phen)3(ClO4); grown in other solvents do not
show significant bands due to the solvent. It is concluded,
therefore, that the solid in equilibrium with the saturated
solutions in the solubility studies is best described as con-
taining no solvent of crystallization. It should be noted that
the solid used in the solubility studies was thoroughly dried
while the solid used in the moisture determinations was not
dried under nearly as drastic conditions.

Solubility of the Complex Perchlorate. The solubilities of
Fe(phen)3(ClO4); in the various solvent media are given in
Table II. The value listed for acetic acid is not an accurate
one. The solubility in this solvent varied from measurement
to measurement in a random way, measured values differ-
ing by as much as factor of five. No reason for this is
known, although the presence of small amounts of water in
the acetic acid increased the solubility sharply. The value
given is an estimate undoubtedly near the true value, but
the error may be much larger than for the other solvents.

In each of the three systems containing water mixed with
an organic solvent, the maximum solubility occurs in a mix-
ture rather than in a pure solvent.

NMR Measurements. The chemical shifts of the protons
in the 5,6 ring positions of the phenanthroline ligands in Fe-
(phen)3(ClOy4), were measured relative to an external ben-
zene standard. These protons appear as a singlet in the
NMR spectrum.!* Measurements were made in pure sol-
vents and some aqueous mixtures (Table I1I).

NMR measurements were also made on solutions in ace-
tone containing excess ClO4~. The variation of chemical
shift with total perchlorate concentration in acetone is given
in Table IV.

Discussion

Structures of [Fe(phen);]** and [Fe(phen); ClOy4)s. The
detailed structure of the [Fe(phen);])?* complex cation has
been reported’s as a result of the x-ray structure determina-
tion of the compound [/-Fe(phen);])[(d-C4H;04)2Sbs].
Rather than appearing spherical, the cation resembles a
three-bladed propeller, the blades being the planar phenan-
throline ligands. The maximum distance from the center of
the complex to the edge of the ligands is about 7 A.

The effect of the geometric characteristics of the complex
on its reactions in aqueous solution has been discussed be-
fore.16 There are three large V-shaped pockets between the
phenanthroline ligands, each large enough to hold two small
molecules (such as water) or anions., When in these posi-
tions, the molecules are essentially above six of the faces of
the octahedron defined by the nitrogen atoms bound to the
metal. There are two smaller pockets corresponding to the
two remaining octahedral faces (the two faces perpendicu-
lar to the threefold axis of the complex). Approach toward
the metal atom at each of these sites is hindered by the
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Table II. Solubility of Fe(phen),(ClO,), at 25.0°C
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Solubility Density AGligand AGeation

Pure solvents (mol/l.) (g/ml) D Kip Kgp (kcal/mol)  (kcal/mol)
Water 0.000871 0.9972 78.39a 5.73 2.59x 10 -4.63 -163.58
Glycerol 0.00289 1.2532 42.52 48.04 6.26x 107 -9.51 -166.72
Formamide 0.1897 1.1648 111.3% 2.72 9.16x 1073 -11.83 -171.38
Ethylene glycol 0.00716 1.1064 37.7a 86.77 4.34x 1077 -11.84 -168.57
Methanol 0.00286 0.7868 32.70a 193.18 3.00x 10°* -12.80 -168.88
Acetic acid 0.0002 1.0436 6.195¢ - - - -
Acetonitrile 0.1044 0.8556 34.58¢ 139.15 7.80x 10°% -15.54 -171.88
Dimethyl sulfoxide 0.303 1.1626 46.682 31.70 2.87x 1073 -15.57 -173.12
Acetone 0.00861 0.7848 20.704 6389 1.16 x 10°* -16.14 -169.36
N.N-Dimethylformamide 0.3105 1.0500 36.714 99.92 9.64x 10™* -16.39 -173.00
Aqueous mixturesd
0.200 Acetone 0.0459 0.9424 52.9¢ 19.28 8.81 X 10° -12.26 -170.22
0.400 Acetone 0.1060 0.9084 38.7 75.79 147x 107 -14.67 -171.51
0.600 Acetone 0.0952 0.8676 29.8 347.6 261 x 10~ -16.04 ~171.64
0.800 Acetone 0.0516 0.8284 24.7 1364 195x 107 -16.34 -170.82
0.100 DMF 0.01114 - 711.9f 7.25 4.20x 107 -9.16 -167.91
0.200 DMF 0.0480 1.0052 64.8 9.72 1.58x 10~ -11.49 -170.01
0.500 DMF 0.1894 - 49.3 25.32 1.38x 1073 -14.73 -172.46
0.600 DMF 0.228 - 46.2 33.12 1.55x 1073 -15.16 ~172.68
0.700 DMF 0.298 - 43.6 42.73 207x107° -15.64 -172.95
0.800 DMF 0.322 1.0482 41.2 55.62 1.86 x 1073 ~15.96 -173.05
0.900 DMF 0.335 - 38.9 73.83 1.52x 1073 -16.21 -173.07
0.200 Methanol 0.00334 - 65.2¢ 9.54 1.32x 1077 =751 -166.04
0.400 Methanol 0.00809 - 53.0 19.14 1.32x 10™® -10.11 -168.07
0.597 Methanol 0.00902 - 43.8 41.85 1.20x 107 -11.59 -168.91
0.796 Methanol 0.00600 - 37.2 93.09 275 x 1077 -12.42 -169.09

2], A. Riddick and W. B. Bunger, *‘Techniques of Chemistry”’, Vol. II, 3rd ed, A. Weissberger. Ed., Wiley-Interscience, New York. N.Y.,
1970. bG. Jander. H. Spandau, and C. Addison, Ed., “Chemistry in Nonaqueous Ionizing Solvents’. Vol. IV, Interscience, New York, N.Y.,
1963. ¢J. Timmermans, ‘‘Physico-Chemical Constants of Pure Organic Compounds", Elsevier, New York, N.Y., Vol. I, 1950: Vol. I, 1965.
dSolvent composition in mole fraction of the organic component. € Values interpolated from data of P. S. Albright, J. Am. Chem. Soc., 59,
2098 (1937). fValues interpolated from data of R. Reynaud, C. R. Acad. Sci., Ser. C. 266,489 (1968). &Values interpolated from data of A.

R. Martin and A. C. Brown, Trans. Farady Soc., 34, 742 (1938).

Table IV, Dependence of the Chemical Shift of the 5.6 Protons of
Fe(phen),(ClO,), in Acetone on Concentration and Added NaClO,

Table III. Chemical Shifts of the 5.6 Protons of Fe(phen),-
(ClO,), in Various Solvents and Mixtures?
Chemical

Solvent composition (mole fraction) Fip shiftd
1.00 Dimethyl sulfoxide 0.22 107.9
1.00 Acetonitrile 0.51 84.3
1.00 Methanol 0.43 85.5
1.00 Water 0.008 109.9
0.80 Water—0.20 acetone 0.15 95.5
0.60 Water—0.40 acetone 0.38 88.0
0.40 Water—0.60 acetone 0.69 82.4
0.20 Water—0.80 acetone 0.88 79.0
1.00 Acetone 0.97 76.4
0.80 Water—0.20 N, N-dimethylformamide 0.09 102.6
0.60 Water—0.40 N, N-dimethylformamide 0.15 100.1,
0.40 Water—0.60 N, N-dimethylformamide 0.23 97.8
0.20 Water—0.80 N,N-dimethylformamide 0.32 96.1
1.00 N, N-Dimethylformamide 0.44 96.2

2Concentration of complex =5 X 107 M except for water and
methanol which are 7.5 X 10 ™ and 2.5 X 107> M, respectively.
b Chemical shifts in Hz (cycles per second).

three hydrogens in the 2-positions of the three ligands. In
the crystal containing the [(C4H30¢)2Sb,]2~ anion, the lat-
ter is large and one side of it fits into one of the large pock-
ets of the complex cation.

The crystal structure of [Cu(phen)3](ClO4), has been re-
ported recently.!” The space group is the same, and the lat-
tice parameters almost identical with those we have mea-
sured for the [Fe(phen)s3)(ClO4); crystal. The [Cu-
(phen);]2* cation has the distorted octahedral arrangement
often found with Cu(II); no such distortion would be ex-
pected with the Fe(Il) complex. This difference probably
accounts for the small difference in the cell parameters. Be-
cause of the similarities in the two structures, certain fea-
tures of the [Cu(phen)3](ClO4), structure are worth neting,

Molarity, Chemical

[Fe(phen),2*]  NaClO, [Cl0,7] Fp? shift (Hz)
0.00094 0 0.00188 0.871 78.6
0.00189 0 0.00378 0.928 78.0
0.00377 0 0.00754 0.962 77.6
0.00754 0 0.0151 0.980 75.3
0.00377 0.00866 0.0162 0.988 75.4
0.00377 0.0203 0.0278 0.994 75.6
0.00377 0.0523 0.0598 0.997 75.4

4 Calculated assuming K1p = 6389.

In this structure, and presumably in the [Fe(phen)s]-
(Cl1Qy4); structure, there are eight C1O4™ anions at relative-
ly close distance to the central metal. The ClO4~ ions show
rotational disorder in the crystal, so that only the Cu-Cl
distances are established. Six of the Cu-CI distances are in
the range 5.68-7.52 A, and the two others are 8.65 A.

A variety of values have been used in the literature for
the “radius” of the ClO4™ ion. The most carefully consid-
ered values appear to be 2.36 A for the “thermochemical
radius” and 2.90 A for the “radius of the circumscribed
sphere”.!® The latter value is consistent with the fact that in
the [Cu(phen)3;](ClOy4); crystal, in which the ClO4~ ions
show rotational disorder, Cl-Cl distances of 6.13 A are ob-
served. The conclusion to be drawn is that small molecules
in the large pockets of the complex might approach at least
as close as 3 A to the central metal atom.

Thermodynamics of Selvation, The previous consider-
ations indicate that, in solution, the phenanthroline ligands
will be exposed to solvent molecules to a considerable ex-
tent. It seemed worthwhile to pursue the idea that the at-
tractive interactions between the solvent and the complex
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consisted of two parts; (1) the electrostatic interaction of
the polar solvent with the positively charged complex, and
(2) the interaction of the solvent with the aromatic system
of the ligands. To obtain quantitative information about
these interactions the solubility of the complex perchlorate
was measured in various solvents. The lattice energy of the
complex perchlorate and the solvation energy of the per-
chlorate ion are other factors that affect the solubility, and
they must be evaluated.

For purposes of evaluating the contributing energy
terms,!® the dissolution process is conceptually broken down
into three steps:

MXs(solid) ~ M2*(gas) + 2X~(gas) AGattice
M2+(gas) + solvent ~ M2*(solution) AG cation
2X~(gas) + solvent — 2X~(solution) AG nion
MX(solid) + solvent —

M2*(solution) + 2X ~(solution) AG,

It is assumed that the electrostatic contributions to the free-
energy changes in steps 2 and 3 will be given by expressions
having the form of the Born equation. It is further assumed
that there is an additional contribution, AGigand, to the
free-energy change in step 2, resulting from the interaction
of the solvent with the aromatic system of the phenanthro-
line ligands. Thus,

AGanion = —a(l - 1%) M
AG cation = —C(l - 71)'> + AGligand (2)

The free-energy change for the net dissolution reaction is
AG1 = AGattice + AGcation + AGanion (3)

and is related to the'solubility product, Ksp, by the relation
AG, = —RTIn Kgp (4)

It seemed reasonable that information about relative
values of AG)jgand in the various solvents could be obtained
by measuring the solubility of a model aromatic compound
in the solvents. Naphthalene was chosen as the model com-
pound; its solubility is given in Table I. The dissolution of
naphthalene can be visualized as occurring in two steps:

naphthalene(solid) — naphthalene(gas) AG 0l
naphthalene(gas) + solvent —
naphthalene(solution) AG aphth
naphthalene(solid) + solvent —
naphthalene(solution) AG,
The free-energy change for the net dissolution reaction is
AG; = AGgyp + AGnaphth (3)

and, assuming ideality,
AGy = —RT In Snaphth (6)

where Snaphen 18 the solubility of naphthalene. AGsuu is cal-
culated, from the vapor pressure?® of naphthalene at 25°C,
to be 7.306 kcal. Thus, data are available to calculate nu-
merical values of AG; for the various solvents.

At this point we make the assumption that the solvation
of naphthalene and the ligands is so similar, that their sol-
vation energies are related by a proportionality constant
which is independent of the solvent;

AGrigand = rAG paphtn )

Appropriate combination of equations then leads to the

relation

(525) (AGuice = AG1) = (a+ &) = o(

D
D-1

>AGnaphth

®)

Ion-Pair Formation. Before calculating values of Kgp
from the solubility data it is necessary to consider the extent
to which Fe(phen)3(ClO4); exists in these solvents as highly
ion-paired species. The effect of added ClO4~ on the race-
mization rate? and on the NMR spectrum provides evi-
dence on this point. With respect to racemization, added
ClO4~ has a large effect on the rate in acetone, a significant
effect on the rate in acetonitrile, and little effect on the rate
in methanol and N,N-dimethylformamide, In acetone a sig-
nificant shift in the NMR position of the 5,6 protons was
observed on addition of NaClOg.

These results clearly indicate that ion pairing is extensive
in acetone. The question of whether or not the complex was
completely associated and therefore neutral was investi-
gated by ion migration experiments, The red complex mi-
grated toward the cathode even in the presence of excess
perchlorate. Saturated NaClQy in acetone, however, did ar-
rest the motion of the complex ions,

Since ion-pair formation is significant in these systems, it
is necessary to make some estimate of its extent, Two theo-
retical models are available for this purpose; that due to
Bjerrum?! and that due to Fuoss.?2 We have chosen the lat-
ter, since it appears to give the better values in the few cases
where qualitative evidence provides a basis of choice. In the
simplest form of the Fuoss model, the equilibrium constant
for ion-pair formation is given by

4rNa3
= b 9
Kie ( 3000 )e ©)

where

b= IZ+Z_|82

10
aDkT (10)

where a is the closest distance of approach of the two ions
of charge z+ and z_ and D is the dielectric constant. In cal-
culating numerical values of Kip, the value for a was taken
as 5.68 A, the shortest metal-Cl distance observed in the
Cu(phen)3(ClO4); crystal. From the values of Kip so calcu-
lated and the measured solubilities, the concentrations of
the free ions and the values of Ksp were calculated. Values
of Kyjp and Kgp are included in Table II.

Test of Proposed Model. A plot of [(D/(D — 1))(AGhattice
— AG))] vs. [(D/(D = 1))AGnaphn] should give a straight
line if the value of AG)attice is chosen correctly, Examination
of a few trial plots, where AGauice Was allowed to range
from 200 to 350 kcal, indicated that: (1) 21 of the 25 data
points gave reasonable linearity, with the best fit occurring
for values of AGauice about 300 kcal (this was true both
when ion pairing was estimated as indicated and when it
was regarded as negligible); (2) the behavior in acetic acid
was drastically out of line; and (3) the three data points for
solutions containing more than 0.5 mol fraction methanol
were always significantly out of line.

The 21 data points were treated by linear regression, and
best fit was obtained with AGiawice = 314 keal, (a + ¢) =
301.71 kcal, and r = 2.053. Figure 1 shows the test plot and
straight line corresponding to these values. The value of 7 is
just the kind of value that might be expected from the
model proposed. It implies that the exposure of the three
phenanthroline ligands to the solvent molecules is equiva-
lent, energywise, to the exposure of about two naphthalene
molecules. The value of r, which is the slope of the line, is
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Figure 1. Correlation (for AGunice = 314 kcal) between solvation of
complex and solvation of naphthalene in various solvent media: those
containing acetone, A; N,N-dimethylformamide, O: methanol, v:
other pure solvents, O.

not greatly sensitive to the value chosen for AGiattice. Values
of r obtained for AGiayice assumed to be 250, 300, and 350
kcal are 1.84, 2,02, and 2.19, respectively. Overall, the re-
sults provide strong support for the model proposed.

Values of AGliganq were calculated both from the expres-
sion

a+tc
AGiigand = AGy = [AGiattice = (a + ¢)] =

)

and from
AGligand = rAGnaphth (12)

and the average of the two is listed for each solvent in Table
II. Although the absolute values listed may be questioned
because of the numerous assumptions inherent in the proce-
dure, the relative values for the different solvents should be
quite reliable. The results of the racemization study? sup-
port this view,

To this point no interpretation has been placed on a and ¢
individually, other than that they are the proportionality
constants defined by equations given earlier. If one assumes
that they are related to the “radii” of the ions it is possible
to calculate the effective radius of [Fe(phen)s;)?*. The re-
sult is dependent on the value chosen for the radius of the
ClO;~ ion. If a value of 2.36 A is assumed for this radius,
then a = 140.71 kcal and ¢ = 161.00 kcal. The latter value
corresponds to an “effective radius” of 4.13 A for the [Fe-
(phen);])2* ion. Values of AGeation, calculated on this basis
using eq 2, are included in Table II. Comparison of the
values of AGjigand and AG cation shows that, although the for-
mer is only a small fraction of the latter, it is large enough
to play a major part in determining the order of the solvents
according to AGation.

The calculated “effective radius” of 4.13 A for the cation
is not unreasonable.

In the solid state, [Fe(phen);](ClQO4)2 has a molar vol-
ume of 0.51 1. The “apparent molar volume” in solution can
be calculated with reasonable accuracy for some of the so-
lutions in Table II. The results are: formamide, 0.50-0.58;
dimethyl sulfoxide, 0.49-0.56; N.N-dimethylformamide,
0.44-0.53. Thus it appears that, in these solvents at least,
solvent molecules can occupy the space between the phen-
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Chemical Shift, Hz
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Figure 2. Chemical shift of 5.6 protons as a function of solvent compo-

sition: curve A, acetone-water; curve D, N,N-dimethylformamide-
water.

anthroline ligands in much the same way that ClO4~ ions
do in the solid. On the basis of proton NMR line width
measurements, LaMar and van Hecke?? concluded that, in
aqueous solutions of the complex [Cr(phen)s;])?*, water
molecules penetrate about 2 A into the pockets between the
ligands, a behavior consistent with the model proposed for
[Fe(phen)3;)?*. They also concluded that methanol did not
penetrate into the [Cr(phen);]2* complex to the same ex-
tent as water. Our results do not positively suggest, but
would be consistent with, such a behavior of methanol with
[Fe(phen)s;])2*. That is, one could hold the view that the
three points for methanol-rich solutions falling below the
line on Figure 1 do so because of a larger effective radius
for the cation. However, the points could be low for other
reasons.

NMR Measurements. It was hoped that the measure-
ments of the chemical shifts of the protons in the 5,6 ring
positions in mixed solvents would provide information about
preferential solvation in mixed solvents. The NMR data of
Figure 2, which show the variation in chemical shift with
solvent composition for the mixed solvents, can be interpret-
ed as indicating preferential solvation of the Fe(phen)s2+
ion by the organic component of the solvent. If the chemical
shift is linearly related to the mole fraction composition of
the solvation sphere, a negative deviation from a straight
line between pure solvents indicates preferential solvation??
by the solvent with the lower chemical shift, i.e., the organic
solvent.

On the other hand, ion-pair formation is undoubtedly ex-
tensive in these solutions. Each of the tables of NMR data
includes the value of Fip, the fraction of [Fe(phen);)2+*
present as ion pairs, calculated from the values of Kp given
in Table II. It appears that ion-pair formation prevents
drawing any conclusion about preferential solvation from
the NMR data.
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The Rates of Racemization and Dissociation of the
Tris(1,10-phenanthroline)iron(II) Cation in

Various Solvents!-?
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Abstract: Rates of racemization and dissociation of [Fe(phen);]2* were measured in water, methanol, acetone, formamide,
N,N-dimethylformamide, acetonitrile, and acetic acid, and in mixtures of water with methanol, acetone, formamide, and
N,N-dimethylformamide. The rate of racemization was also measured in mixtures of water with glycerol and ethylene gly-
col. In all cases the dissociation rate was much slower than the racemization rate, indicating that racemization is predomi-
nantly intramolecular in all these solvents. Ion association (with ClO4™), when it occurs, has a retarding effect on the rate of
racemization. The effect of a solvent on the racemization rate appears to be due to solvation of the aromatic phenanthroline
ligands in the transition state, and to the viscous resistance to reorganization of the solvent in the vicinity of the complex ion
when the latter undergoes inversion. Supporting this view is the fact that the rate constants can be empirically represented by
the equation log k = ¢ — (0.26AG iganda/2.303RT) — 0.48 log (nV). where AG igand is the free energy of solvation of the aro-
matic ligands, n is the coefficient of viscosity of the solvent, and ¥V, is the molar volume of the solvent. The effect of solvent
on the dissociation rate appears to be due to solvation of the ligands in the transition state, and the solvent's ability to act as a

replacing ligand.

The role of solvent in bimolecular reactions, or in unimo-
lecular reactions that involve a formal separation of charge,
has been extensively investigated.? By comparison, relative-
ly little attention has been paid to solvent effects in unimo-
lecular reactions involving no formal separation of charge.
The racemization reaction of certain complex ions, particu-
larly those occurring by an intramolecular mechanism,
should provide interesting examples of such unimolecular
reactions.

Investigations of solvent effects on racemization reac-
tions are reported in the literature for several complex ions:
the trisphenanthroline and tris(bipyridine) complexes of
Ni(I1),4* the tris(oxalato)chromate(IIl) ion.® and the tris-
phenanthroline and tris(bipyridine) complexes of Fe(II).*’

Davies and Dwyer® suggested that the racemization of
[Ni(bpy)3]?* and [Ni(phen);]2* occurred by an intramo-
lecular process, but later measurements®® of both racemi-
zation and dissociation rates showed the two rates to be ex-
perimentally the same, indicating racemization by dissocia-
tion.

The racemization rates have been measured® for
[Cr(ox)3]3~ in mixtures of water with methanol, ethanol,
isopropyl alcohol, dioxane, acetone, and glycerol. The rates
all decrease with increasing organic component in the sol-
vent. The mechanism is thought to be dissociative.

Seiden, Basolo, and Neumann’ measured the rates of ra-
cemization and dissociation of [Fe(bpy);]?* and [Fe-

(phen)3)2* in methanol-water mixtures and found racemi-
zation rates to be appreciably faster than dissociation, This
evidence suggests that the Fe(II) complexes favor intramo-
lecular racemization in organic solvents. Accurate determi-
nation of the rate was difficult because of the rapidity of re-
action in these solutions and the large absorbancies at the
wavelengths normally used for polarimetry.

The acid dependence of the rate of racemization of
[Fe(bpy)s])®* suggests that a partial dissociation mecha-
nism may be operative here.!? In this mechanism only one
end of the bipyridine ligand comes loose from the iron atom,
the other nitrogen atom remaining bonded to it. Since rear-
rangement may occur before the free nitrogen atom be-
comes reattached, racemization may occur. In the [Fe-
(phen)s]3* system, each ligand is constrained by the steric
rigidity of the ring system, and both nitrogen atoms must be
coordinated at the same time. Racemization of [Fe-
(phen)3]2* in water is acid independent, which supports this
view. The rate of racemization of [Fe(phen)3)?* is strongly
dependent on the solvent composition; there is almost a
hundredfold increase in the rate on going from water to
methanol.” The racemization in water at 25 °C was found
to be 89% intramolecular, and the percentage increased as
the methanol content of the solvent increased.” For these
several reasons it was decided that the [Fe(phen)3;]?* sys-
tem would provide a good model for investigating solvent
effects.
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