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Solvation structure of the zinc(II) ion inN,N-dimethylpropionamide (DMPA) was studied by Raman
spectroscopy at varying temperature and by quantum mechanical calculations. No significant ion-pair formation
was found for the Zn(ClO4)2 solution in the molality rangemZn < 1.5 mol kg-1, and the solvation number of
the zinc(II) ion was determined to be 4, indicating that 6-coordination of DMPA is sterically hindered.
Interestingly, DMPA molecules are under equilibrium between planar cis and nonplanar staggered conformers,
and the latter is more preferred in the coordination sphere, while the reverse is the case in the bulk. The∆G°,
∆H°, andT∆S° values of conformational change from planar cis to nonplanar staggered in the coordination
sphere were obtained to be-0.9, -8.5, and-7.5 kJ mol-1, respectively. Density functional theory (DFT)
calculations show that the planar cis conformer is more favorable than the nonplanar staggered one in the 1:2
cluster, as is the case for a single DMPA molecule and H(DMPA)+, indicating that there hardly occurs solvent-
solvent interaction through the metal ion in the Zn2+-DMPA 1:2 cluster. On the other hand, the SCF energy
of [Zn(planarcis-DMPA)4-n(nonplanar staggered DMPA)n]2+ (n ) 0-4) decreases with increasingn, implying
that the nonplanar staggered conformer is preferred in the solvate ion. It is thus concluded that solvent-
solvent interaction through space, or solvation steric effect, plays a crucial role in the conformational equilibrium
in the coordination sphere of the four-solvate metal ion.

Introduction

Much effort has so far been devoted to elucidate properties1

and structures2-6 of ion solvation. It has been established that
metal-ion complexation depends strongly on the nature of
solvent, such as dielectric constant, electron-pair donating and
accepting abilities, and hydrogen-bonding property. The metal-
ion complexation in nonaqueous solvents further depends on
the molecular geometry of the solvent.7,8 The bulkiness of
solvent, particularly in the vicinity of the coordinating atom,
plays an essential role in the solvation structure of the metal
ion.7-10 Indeed, it has been found that the metal-ion complex-
ation with simple halide andpseudohalide ions is generally
enhanced inN,N-dimethylacetamide (DMA) overN,N-dimeth-
ylformamide (DMF), despite physicochemical properties of the
solvents being similar.11-22 Also, the complexation is signifi-
cantly enhanced in hexamethylphosphoric triamide (HMPA)
over DMF, and the solvation number of a metal ion decreases
in HMPA relative to DMF, indicating astrong solVation steric
effect operates in HMPA.23-27 Solvation steric effect also
modifies an aspect of preferential solvation (sterically controlled
preferential solVation) of a metal ion in solvent mixtures.28-32

According to our Raman spectroscopic study,31,32 N,N-
dimethylpropionamide (DMPA) exists as either planar cis or
nonplanar staggered conformer in the bulk, as shown in Chart
1, and the former is enthalpically more favorable by ca. 5 kJ
mol-1 than the latter. On the other hand, in the coordination
sphere of the manganese(II) ion, the planar cis conformer is
less favorable by ca. 11 kJ mol-1 than the nonplanar staggered

one. The solvation number of the manganese(II) ion inN,N-
dimethylpropionamide (DMPA) is five,31 indicating that six-
coordination is sterically hindered. Note that, according to our
density functional theory (DFT) calculation, the conformational
change hardly occurs for the protonated DMPA, in which no
solvation steric effect is expected. This implies that the solvation
steric effect is still significant, even if the solvation number of
the metal ion is decreased to five. To shed more light on the
solvation steric effect of DMPA bound to the metal ion, we
further examined the solvation structure of the zinc(II) ion in
DMPA by Raman spectroscopy and DFT calculation. The
zinc(II) ion is smaller than the manganese(II) ion, and the
solvation number decreases even to four, as will be discussed
later.

Experimental Section

Materials. All chemicals used were of reagent grade. The
Zn(ClO4)2 hexahydrates were prepared from zinc carbonate and
perchloric acid. A Zn(ClO4)2 DMPA solution was prepared by
dissolving Zn(ClO4)2 hexahydrate crystals in DMPA. As the
Zn(ClO4)2 DMPA solvate cannot be isolated, a small amount
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of water in the solution was removed by repeated evaporation
of DMPA under a reduced pressure. Water content in the
Zn(ClO4)2 DMPA solution thus prepared was found to be
negligible by a Karl Fischer titration. Molality of the metal ion
was determined by an EDTA titration. Neat DMPA was stored
with molecular sieves 4Å for several weeks, and distilled under
a reduced pressure. Water content was checked to be less than
100 ppm. All sample solutions were prepared in a glovebox
under an atmosphere of argon, in which water content was kept
within 1 ppm.

Measurements.Raman spectral measurements were carried
out over the range 650-1000 cm-1, using a dispersion Raman
spectrometer (JASCO NR-1000) and an argon ion laser (CO-
HERENT Inova 70) operating at 514.5 nm. The optical
resolution was either 2.5 or 5.0 cm-1. As no significant
difference was found in the evaluation of the solvation number,
data obtained with the optical resolution of 5.0 cm-1 were used
for the analyses throughout. A Zn(ClO4)2DMPA solution was
titrated with neat DMPA by using an autoburet (KEK APB-
410), and spectral data were recorded on a personal computer
at each titration point. Raman spectral measurements at varying
temperature were carried out with an FT-Raman spectrometer
(Perkin-Elmer GX-R) equipped with an Nd:YAG laser operating
at 1064 nm. The employed optical resolution was 4 cm-1. A
sample solution in a quartz cell was thermostated within(0.3
K at a given temperature during the measurement. The sample
room was filled with dry nitrogen gas to avoid condensation of
moisture on the surface of the cell at low temperature.

Data Analysis. Raman spectra obtained over a given
frequency region were deconvoluted to extract single Raman
bands. A single Raman band is assumed to be represented as a
pseudo-Voigt function, fV(ν) ) γfL(ν) + (1 - γ)fG(ν), where
fL(ν) andfG(ν) stand for Lorentzian and Gaussian components,
respectively, and the parameterγ (0 < γ < 1) is the fraction of
Lorentzian component. To avoid uncertainty in obtaining theγ
value of the bound peak at lower metal-ion molality, the value
was fixed to that at the highest metal-ion molality. The intensity
I of a single Raman band is evaluated according toI ) γIL +
(1 - γ)IG, whereIL and IG denote integrated intensities of the
Lorentzian and Gaussian components, respectively. A curve-
fitting nonlinear least-squares program RAMCAL, which is
based on the Marquardt-Levenberg algorithm,33,34 was devel-
oped in our laboratory and used throughout analyses.

In the Zn(ClO4)2 solutions examined, theν1 band of the
perchlorate ion at 933 cm-1 was used as an internal standard,
as the perchlorate ion hardly forms ion-pairs under the experi-
mental conditions examined here. Indeed, no appreciable change
in theν1 band parameters was found by varying the temperature.
Theν1 band intensity plotted against the salt molality fell on a
straight line to give Raman scattering coefficientJ as the slope.
The J value in water has been reported in the litereature.35

Raman scattering coefficients for solvent were then evaluated
on the basis of theJ value of theν1 band obtained for 1 mol
kg-1 ClO4

- ion in DMPA. A Raman band of free solvent in
the bulk shifts when the solvent binds to the metal ion. If solvent
involves a single conformer, the intensity of free solventIf

decreases and that of bound solventIb increases with increasing
molality mZn. If no ion-pair forms, the following relationship
holds betweenIf andmZn:

wheremT, Jf, andn stand for the total molality of solvent, the
scattering coefficient of the free solvent, and the solvation
number, respectively. Plots of measuredIf againstmZn give a

straight line with the interceptR ()mTJf) at mZn ) 0 and the
slopeâ ()nJf). As mT is known,Jf and n are given byR/mT

andâ/Jf, respectively. Similarly, the Raman scattering coefficient
of the bound solventJb is obtained from the slope of theIb vs
mZn plot, according to the relationshipIb ) nJbmZn.

As DMPA involves in fact two conformers, total molality of
solventmT is represented asmT ) mnps + mpc + (nnps + npc)-
mZn, where mnps and mpc denote molality of free nonplanar
staggered (nps) and planar cis (pc) conformers in the bulk
solvent, respectively, andnnps and npc stand for the average
number of respective conformers bound to the metal ion. Here,
we define equilibrium constantKf ) mnps/mps, and intrinsic
scattering coefficients according toIf,nps ) Jf,npsmnps andIf,pc )
Jf,pcmpc for respective conformers in the bulk, whereIf,nps and
If,pc are band intensities. Measured intensityIf,pc of the 760 cm-1

band is plotted againstmZn to obtain the interceptRf,pc. The
Jf,pc value is thus given byJf,pc ) Rf,pc/(mnps + mpc) ) Rf,pc/
mpc(1 + Kf),. Similarly, we obtainJf,nps ) Rf,nps/mpc(1 + Kf)
using the 711 cm-1 band. Therefore, to obtainJf,nps and Jf,pc

values, we have to know theKf value in advance.
TheKf value is obtained as follows. On the basis of the mass

balance equation,mnps + mpc + nmZn ) mT (n ) nnps + npc),
we obtain the following relationship as:

If the total solvation number of the metal ion and the intrinsic
scattering coefficients are kept constant over a temperature range
examined, the plot ofIf,nps againstIf,pc at varying temperature
gives a straight line, and the slope gives theJf,nps/Jf,pc. On the
other hand, using the relationships lnKf ) ln(I f,nps/I f,pc) -
ln(Jf,nps/Jf,pc) and-R ln Kf ) ∆H°/T - ∆S°, we obtain

The∆H° and-∆S° - R ln(Jf,nps/Jf,pc) values are evaluated from
the slope and intercept, respectively, of the-R ln(If,nps/If,pc) vs
T-1 plots. The∆S° value is evaluated by using theJf,nps/Jf,pc

value separately obtained. TheKf value is calculated by using
enthalpy and entropy values thus obtained.

Similarly, we define equilibrium constantKb ) nnps/nps and
intrinsic scattering coefficients according toIb,nps) Jb,npsnnpsmZn

and If,pc ) Jb,pcnpcmZn for respective conformers bound to the
metal ion, whereIb,npsand Ib,pc are band intensities at 727 and
776 cm-1, respectively. TheKb, ∆H°, and ∆S° values are
obtained from the-R ln(Ib,nps/Ib,pc) vs T-1 plots.

DFT Calculations. Here, for DFT calculations of DMPA and
the Zn(II)-DMPA 1:2 cluster, we employed Becke’s three-
parameter hybrid method36 with the Lee-Yang-Parr correla-
tion37,38(B3LYP) and the 6-31G(d) basis set, and torsion energy
profiles as a function of the C-C-C-O dihedral angleθ of
DMPA were obtained. We also employed the B3LYP using
basis sets with an effective core potential approximation, CEP-
31G and CEP-121G(d,p),39-41 which have an advantage to
reduce not only computational time and cost, but also the basis
set superposition error (BSSE). According to Zhou,42 ab initio
HF, MP2, and density functional theory BLYP and B3LYP
methods with basis sets ranging from 6-31G* to 6-311+G(2d,p)
give almost the same molecular structure and vibrational
frequencies for DMF, although the result of MO calculations
of N,N-dialkylamide strongly depends on the basis set.43 Full
geometry optimizations at the B3LYP/CEP-31G level followed
by frequency analyses were then carried out for the [Zn(planar
cis-DMPA)4-n(nonplanar staggered DMPA)n]2+ (n ) 0-4). The
optimized geometries with no imaginary frequencies were

If ) mTJf - nJf mZn (1)

If,nps ) Jf,npsmnps) Jf,nps(mT - nmZn) - (Jf,nps/Jf,pc)If,pc (2)

-R ln(If,nps/If,pc) ) ∆H°/T - ∆S° - R ln(Jf,nps/Jf,pc) (3)
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successfully obtained for all the solvates. All of the DFT
calculations were carried out using Gaussian9844 and
Gaussian0345 program suites.

Result and Discussions

Solvation Number of the Zinc(II) Ion in DMPA. A series
of Raman spectra obtained by varying molality of Zn(ClO4)2

in DMPA are depicted in Figure 1. Each spectrum can be
deconvoluted into five single bands with maxima at 711, 727,
750, 760, and 776 cm-1, all of which are assigned to intramo-
lecular vibrations of DMPA. The 711 and 760 cm-1 bands are
ascribed to the N-CH3 stretching vibration of free nonplanar
staggered and planar cis conformers, respectively, in the bulk
solvent.31,46 The 727 and 776 cm-1 bands are assigned to the
corresponding vibrations of the conformers bound to the metal
ion. The vibration of each conformer in the bulk thus shifts to
a higher frequency by 16 cm-1, when it binds to the metal ion.
The magnitude of shift is almost to the same extent as that found
in the Mn(ClO4)2 and Ca(ClO4)2 DMPA solutions. The 750
cm-1 band, which was not found in previous works for the Mn-
(ClO4)2 and Ca(ClO4)2 DMPA solutions, probably owing to their
relatively low salt molality, is ascribed to the nonplanar
staggered conformer bound to the metal ion, as will be discussed
later. The 760 cm-1 band is significantly stronger than that of
the 711 cm-1 band, suggesting that the planar cis conformer is
preferred to the nonplanar staggered one in the bulk solvent.
On the other hand, intensity of the 727 cm-1 band is significantly
stronger than that of the 776 cm-1 band, implying that the
nonplanar staggered conformer is preferred in the coordination
sphere of the zinc(II) ion, as well as the manganese(II) ion.31

Integrated intensitiesIf of the free 711 and 760 cm-1 bands
are plotted against the molalitymZn of the zinc(II) ion in Figure
2. All experimental points fell on a straight line, and the
solvation number of the zinc(II) ion was evaluated according
to the procedure described in the Experimental Section. The
solvation numbers thus obtained are 4.3( 0.3 and 3.9( 0.2
from the 711 and 760 cm-1 bands, respectively. If experimental
uncertainty is taken into account, the solvation number of the
zinc(II) ion in DMPA is 4, which is appreciably less than that
of the manganese(II) ion. This is expected because the former
ion is smaller than the latter.

According to our EXAFS11 and Raman spectroscopy,29 the
solvation number of the zinc(II) ion is 6 inN,N-dimethyl-
formamide (DMF), while it is 4.6, i.e., 6- and 4-solvated metal
ions coexist in equilibrium, inN,N-dimethylacetamide (DMA).
The zinc(II) ion is 4-solvated in hexamethylphosphoric triamide
(HMPA)26,27 and 1,1,3,3-tetramethylurea (TMU),47 both of
which involve the-N(CH3)2 group with similar bulkiness to

the ethyl group. The solvation number thus decreases with
increasing bulkiness of the functional group, particularly in the
vicinity of the coordinating atom of solvent. Solvation steric
effect, or steric hindrance among solvent molecules bound to
the metal ion, thus seems to play a crucial role in the solvation
number difference.

Conformational Equilibria of DMPA. Raman spectra of a
Zn(ClO4)2 DMPA solution measured at varying temperature are
shown in Figure 3. As seen, with rising temperature, the band
intensity of the nonplanar staggered conformer in the bulk (711
cm-1) increases, while that of the planar cis conformer (760
cm-1) decreases. In contrast, the band intensity of the nonplanar
staggered conformer bound to the metal ion (727 cm-1)
decreases, while that of the planar cis conformer (776 cm-1)
increases. This indicates that the nonplanar staggered conformer
becomes more favorable in the bulk, but unfavorable in the
coordination sphere, with increasing temperature. The equilib-
rium constantK ()mnps/mpc) and the enthalpy and entropy
changes from planar cis to nonplanar staggered were then
evaluated according to the procedure as described in the
Experimental Section. Plots of-R ln(If,pc/If,nps) and-R ln(Ib,pc/
Ib,nps) againstT -1 are shown in Figure 4, and the slope gives
the enthalpy change, which is positive for free DMPA and
negative for bound DMPA. Plots ofIf,nps againstIf,pc at varying
temperature, the slope of which gives the ratioJf,nps/Jf,pc, also
fall on a straight line. The Raman scattering coefficients at 298
K are listed in Table 1. TheJf,pc andJf,nps values of 0.43 and
0.27, respectively, are in good agreement with those previously
obtained.31 TheJb,npsvalue is significantly larger than theJf,nps

Figure 1. Raman spectra of DMPA containing varying molality of
Zn(ClO4)2.

Figure 2. The I f vs. mZn plots for the planar cis (b) and nonplanar
staggered (9) conformers of DMPA.

Figure 3. Variation of Raman spectra of DMPA containing 0.8 mol
kg-1 Zn(ClO4)2 with raising temperature.
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value for the nonplanar staggered conformer, while the reverse
is the case for the planar cis conformer. TheJb,npsvalue for the
nonplanar staggered conformer is significantly larger than the
Jb,pc for the planar cis one. TheJb values in the zinc(II) system
differ appreciably from that in the manganese(II) system,
implying that the value sensitively changes depending on the
solvation number and the ionic radius of the metal ion.

The ∆G° ()-RT ln K), ∆H°, andT∆S° values in the bulk
solvent and in the coordination sphere of the zinc(II) ion are
listed in Table 2, together with those in the coordination sphere
of the manganese(II) and calcium ions. The∆G°, ∆H°, and
T∆S° values obtained for the conformational change from planar
cis to nonplanar staggered in the bulk are also in good agreement
with those previously obtained.31 The ∆H° value in the zinc-
(II) system is significantly negative unlike that in the bulk,
indicating that the solvation steric effect does operate in the
coordination sphere. The∆H° values of-11 and 0.6 kJ mol-1

have been obtained for the manganese(II) and calcium ions,
respectively.31,32 As no specific ligand-field effect is expected
for these metal ions, the∆H° value does change strongly
depending on the ionic radius and solvation number of the metal
ion. To obtain more detailed insight into the solvation steric
effect, we then carried out quantum mechanical calculations.

Torsion Energy Profile of the Propionyl Group. A partially
optimized SCF energy for a single molecule of DMPA with a

given C-C-C-O dihedral angleθ was calculated with use of
B3LYP/CEP-31G and CEP-121G(d,p) basis sets, and the result
is shown in Figure 5 as a function ofθ, together with the result
previously reported with use of the B3LYP/6-31G(d) basis set.
As seen, there is no appreciable difference between energy
profiles calculated by using the former two basis sets, although
the values atθ ) 60° and 90° are slightly lower than those
calculated with use of the 6-31G(d) basis set. The global energy
minimum appears atθ ) 0° (the planar cis). The local minimum
appears atθ ) 90° (the nonplanar staggered), and the relative
SCF energy is high by as much as ca. 5 kJ mol-1. The SCF
energy atθ ) 180° (the planar trans) is even higher due to
steric repulsion between terminal propionyl methyl andN-methyl
groups, indicating that free rotation of the propionyl group is
practically hindered.

With use of the same basis sets, DFT calculations were then
carried out for the Zn2+-DMPA 1:2 cluster. Geometry opti-
mizations followed by normal-mode analyses were carried out
for both [Zn(planar cis DMPA)2]2+ and [Zn(nonplanar staggered
DMPA)2]2+, and fully optimized geometries with no imaginary
frequencies were obtained. It revealed that the energy of the
[Zn(planar cis DMPA)2]2+ corrected for the zero-point energy
(ZPE) is-19.3 kJ mol-1 smaller than that of the [Zn(nonplanar
staggered DMPA)2]2+. Therefore, torsion energy profiles were
calculated by fixing one solvent molecule to either the planar
cis form (the propionyl C-C-C-O dihedral angleθ ) 0.0°)
or the nonplanar staggered form (θ ) 87.8° obtained for the
[Zn(nonplanar staggered DMPA)2]2+). The relative SCF energy
profiles are shown in Figure 6. As seen, the energy profile is
similar to that of the single DMPA molecule, as well as the
protonated DMPA.31 This implies that the conformational
equilibrium of bound DMPA is hardly changed by electronic
solvent-solvent interaction through the zinc(II) ion. However,
the nonplanar staggered conformer is indeed preferred to the
planar cis one in the coordination sphere of the zinc(II) ion in
DMPA. This clearly indicates that steric solvent-solvent
interaction through space or solvation steric effect plays a key
role in the conformational equilibrium around the metal ion.
Therefore, we further examined DFT calculations for the
Zn(DMPA)42+ solvate ion using the B3LYP/CEP-31G basis set.

DFT Calculations of Zn(DMPA)4
2+. Geometry optimiza-

tions followed by frequency analyses were carried out for the
[Zn(planar cis DMPA)4-n(nonplanar staggered DMPA)n]2+

(n ) 0-4) solvate ions. Local energy minima were also
successfully obtained for these solvate ions without significant
change in the conformation at the initial stage. All of the

Figure 4. The-R ln(I f,nps/I f,pc) and-R ln(Ib,nps/Ib,pc) plots againstT -1

for free (b) and bound (9) DMPA, respectively. The slope gives the
∆H° value of conformational change from planar cis to nonplanar
staggered conformer.

TABLE 1: Solvation Number (n), Raman Scattering
Coefficients (Jf and Jb) of Free and Bound
N,N-Dimethylpropionamide, Respectively, and Raman Shift
Relative to the Free Raman Band (∆ν/cm-1 at 298 K)

Raman band/cm-1 n Jf Jb ∆ν

711.0 (nps) 4.3( 0.3a 0.27
727.3 (nps) 0.39 16.3
760.0 (pc) 3.9( 0.2a 0.43
776.0 (pc) 0.16 16.0

a Value refers to the standard deviation.

TABLE 2: The ∆G°, ∆H°, and T∆S°/kJ mol-1 of
Conformational Change of DMPA from Planar Cis to
Nonplanar Staggered Conformer in the Bulk Solvent and in
the Coordination Sphere of the Metal Iona

∆G° ∆H° T∆S°
bulk solvent 1.3(0.3) 5.4(0.2) 4.1(0.2)
Zn2+ -0.9(0.6) -8.5(0.4) -7.5(0.4)
Mn2+ b -1 -11 -10
Ca2+ c -0.6

a Values in parentheses refer to standard deviation.b Reference 7a.
c Reference 7b.

Figure 5. Torsion energy profiles as a function of the C-C-C-O
dihedral angleθ for a single DMPA molecule calculated with 6-31G-
(d) (0), CEP-31G (b) and CEP-121G(d,p) (O) basis sets.
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optimized structures show no imaginary frequencies, and the
BSSE for the optimized structures was found to be negligible.
Structural parameters, such as the Zn-O bond length, Zn-O-C
bond angle, and Zn-O-C-N dihedral angle, are listed in Table
3. As seen, there is no significant difference in both bond length
and dihedral angle among these solvates. With the Zn-O-C
bond angle, on the other hand, the values are ca. 150° and 140°
for the planar cis and nonplanar staggered conformers, respec-

tively, in the four-solvate complex. The respective angles in
the Zn(II)-DMPA 1:2 cluster are 134° and 143°. The angle of
the nonplanar staggered conformer is thus kept almost un-
changed, while that of the planar cis one increases significantly
in the four-solvate complex. This implies that the planar cis
conformer is more sterically hindered in the four-solvate
complex.

The ZPE corrected energy of [Zn(planar cis DMPA)4-n(non-
planar staggered DMPA)n]2+ (n ) 0-4) relative to that of
[Zn(planar cis DMPA)4]2+, ∆EZPE, is plotted in Figure 7. Typical
geometry of the [Zn(planar cis DMPA)2(nonplanar staggered
DMPA)2]2+ complex is shown in Chart 2. The energy of the
four-solvate complex monotonically decreases withn, indicating
that the steric repulsion becomes weaker by replacing the planar
cis conformer with the nonplanar staggered one. The slope (ca.
-3.6 kJ mol-1) may give an enthalpy of planar cis to nonplanar

Figure 6. Torsion energy profiles as a function of the C-C-C-O
dihedral angleθ for DMPA in the Zn(II)-DMPA 1:2 clusters with
one DMPA molecule fixed atθ ) 0° (O) andθ ) 90° (b) calculated
with the B3LYP/CEP-31G basis set.

TABLE 3: Structural Parameters for [Zn(planar cis
DMPA)4-n(nonplanar staggered DMPA)n]2+ Predicted by
DFT Calculations, Using the B3LYP/CEP-31G Basis Seta

N

0 1 2 3 4

Zn-O/100 pm (1.9534) (1.9596) (1.9526) (1.9574) (1.9543)
1.9544 1.9605 (1.9605) (1.9630) (1.9554)
1.9541 1.9574 1.9687 (1.9543) (1.9555)
1.9549 1.9482 1.9501 1.9586 (1.9551)

average 1.9542 1.9564 1.9580 1.9583 1.9551

Zn-O-C 153.79 (140.59) (139.78) (138.09) (141.40)
153.12 150.95 (139.40) (138.95) (141.71)
153.21 152.36 150.89 (138.61) (141.28)
153.75 152.56 150.79 150.65 (141.64)

average 153.47 149.12 145.22 141.58 141.51

Zn-O-C-N 175.74 (174.91) (-179.32) (-178.63) (-175.59)
-174.20 -169.58 (173.55) (171.50) (-173.86)
175.60 -180.00 -175.05 (-179.92) (171.69)
-176.05 175.03 -177.91 179.13 (171.95)

averageb 4.60 5.12 3.54 2.71 6.73

a Values in parentheses refer to the nonplanar staggered conformer.
b Deviation from the planarity.

TABLE 4: Frequencies (ν/cm-1) and Raman Scattering Activity (ψ/(Å4/amu)) of Predicted Raman Bands of [Zn(planar cis
DMPA)4-n(nonplanar staggered DMPA)n]2+ (n ) 0-4) in the Region 680-800 cm-1 Obtained by DFT Calculations, Using the
B3LYP/CEP-31G Basis Seta

n ) 0 n ) 1 n ) 2 n ) 3 n ) 4

ν ψ ν ψ ν ψ ν ψ ν ψ

759.76 7.42 (706.93) (1.88) (706.00) (5.42) (705.28) (3.28) (704.07) (1.18)
760.34 0.38 (732.39) (5.99) (709.28) (9.96) (707.03) (4.30) (705.86) (0.99)
760.60 7.68 758.86 4.29 (728.01) (4.38) (709.82) (16.73) (706.58) (9.10)
765.50 44.41 760.71 6.12 (733.89) (4.62) (729.22) (3.82) (709.23) (22.14)

763.77 0.37 758.01 8.59 (735.31) (3.56) (726.53) (4.96)
761.81 23.37 736.49 6.66 (728.75) (4.63)

759.49 17.05 (734.64) (0.31)
(735.00) (9.69)

a Values in parentheses refer to the nonplanar staggered conformer.

Figure 7. Relative ZPE corrected energies for [Zn(planar cis
DMPA)4-n(nonplanar staggered DMPA)n]2+ obtained by DFT calcula-
tions with the B3LYP/CEP-31G basis set.

CHART 2: Optimized Geometry of [Zn(planar cis
DMPA)2(nonplanar staggered DMPA)2]2+
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staggered conformational change. The value is in fairly good
agreement with the experimental one (-8.5 kJ mol-1), if we
take into account the precision of the DFT calculations.

On the basis of optimized geometries of [Zn(planar cis
DMPA)4-n(nonplanar staggered DMPA)n]2+, their vibrational
frequencies were calculated. The values thus obtained in the
region of 680-800 cm-1 are listed in Table 4 and also shown
in Figure 8. The single planar cis conformer is predicted to show
a Raman band at 740 cm-1, while the nonplanar staggered
conformer shows bands at 683 and 721 cm-1, although predicted
bands are systematically shifted to lower frequencies by ca. 20-
30 cm-1. The bound planar cis and nonplanar staggered
conformers are predicted to show Raman bands at 761 and 707
cm-1, respectively. The magnitudes of frequency shift upon
binding to the metal ion are 20 and 14 cm-1 for the planar cis
and nonplanar staggered conformers, respectively, which are
in good agreement with the observed ones. On the other hand,
the calculated scattering activity cannot reproduce the observed
intensity, implying that intermolecular solvent-solvent inter-
actions in the second coordination sphere may also play a
significant role in the band intensity.

We thus propose that there exists the [Zn(planar cis DMPA)4-n

(nonplanar staggered DMPA)n]2+ ion in DMPA, and the
nonplanar staggered conformer is more favorable in the
coordination sphere. The relative∆EZPE energy difference
among solvates ofn ) 2-4 is not large, and these solvate ions
may coexist in equilibrium at room temperature. We thus
conclude that a steric interaction among DMPA molecules still
operates even in the four-coordinate solvate ion.
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